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SUMMARY

The Georgla Tech Iow Turbulence Wind Tumel, equipped with an
axial gust generator, was employed to simulate the serodynamic environ-
ment of a helicopter rotor blade for two different phenomena. It was
used to study the dynamic stall of a pitching blade, and the in-plane
oscillations of a rotor blade on a hovering helicopter. The cbjectives
of this Investigation were to find out to what extent streamwise, simple
harmonic velocity perturbations in the freestream affect dynamic stall and
unsteady drag.

The study of. dynamic stall involved making measurements of the
serodynamic moment on a two-dimensional, pitching rotor blade model in
both constant and pulsating airstreams. Using an operational analog
computer to perform on.-.-:l:ine data reduction, plots of moment coefficient
versus angle of attack were obtained for single pitching eyeles under
various flow conditioms.

The data taken in the harmonically varying freestream were then
compared to constant freestream data, and to the reguits of two analyhi-
cal methods; one based on potential flow theory, and the other an empiri-
cal method. These comparisons showed that, wder the cond;tions tested,
the velocity perturbations had a significant effect on the pitching
moment which could not be consistently predicted by the analytical methods,
but had no drastic effect on the blade stability.

A two~dimensional blade model at constant, small angles of attack

was used to simmlate ineplane oscillations. A strain gage foree balance




was used to obtain the unsteady lift and drag, which were displayed in
conjunction with the veloeity perturbations. By relating these velocity
perturbations to an equivalent in-plane displaceﬁent, the complex 1lift
and drag derivatives with respect to the equivalent displacement were
obtained.

The properties of these derivatives with respect to reduced
frequency and angle of attack were compared to derivatives derived from
steady data. In addition, the 1lif't derivative was compared to a derivative
from potential fiow theory. It was found that the unsteady lift and drag
could not be accurately predicted from the quasi-steady approximation.
However, the potential flow result was a more reasonable approximstion

to the unsteady 1lift.




PART I

DYNAMIC STALL




CHAPTER I
INTRODUCTICON

One aerodynamic phenomenon that can have a great effect on the
performance of helicopters, as well as compressors and fixed-wing
gircraft, is dynmamic stall. In the case of & helicopter, dynamic stall
not only limits the forward flight speed of the aircraft, but also may
cause an aercelastic instability known as stall flutier. This ingtabil-
ity occurs when a blade, oscillating in pitch, draws energy from its
surroundings, and is a result of the hysteretic nature of the pitching
moment on the blade surface.

A great deal of work has been done in an attempt to get a firm
understanding of the development, nature, and effects of dynamic stall
[1-16). Based on these and other investigations, researchers began
trying to prediet the onset of and loads due to dynamic stall. Both
thecretical and empirical techmiques were'used, with varying degrees
of success [12,17-2h]. The one feature that all of these efforts have
in common is that the airfoil is oscillating in a freestream which has
a constant velocity.

When a helicopter is in forward flight, the velocity that the
rotor blades see is the sum of a mean velocity due to the rotor rotation,
and a perturbation velocity due to the forward flight speed. In order

to investipgate what effect this varying velocity has on the gtability

of blade pitch osecillations, Malone [25] set up an axial gust generator




to imﬁress simple harmonic velocity perturbations on a mean freestream
veloeity. The conclusion he reached from his invéstigation was that

the velocity variations can have a destabilizing effect on blade osecilla-
tions at large mean angles of attack,

Extending the scope of Malone's work, the effect of the pulsating
freecstream was investigated in various angle of attack regimes. In
pafticular, the regions of interest were: maximom and mean angles below
the static stall angle, minimm and mean angles above stall, mean angle
below stall and maximum angle sbove, and mean angle above stall and
minimm angle below. In addition, the effects of model oscillation

frequency and frequency ratio were investigsted for the most interesting

of the angle of attack regimes above,




CHAPTER II
WIND TUNNEL FACILITY

This inveétigation was cérried out in the Georgia Tech Low Tur-
bulence Wind Tunnel (Figure 1). The wind tummel is of the closed-jet,
open-circuit type, and has a maximum airspeed of 80Ifeet per second
in the tesgt section. Downgstream of the fan, which is located at the
upstream entrance, and upstream of the converging nozzle is a honey-
comb screen which serveé to straighten the flow and to limit the size of
the turbulent eddies.

One sidewall of the test-section is fitfed with screw-jacks, so
that the test-sectipn contour can be varied. For the purposes of this
study, the sidewalls were made to be parallel. This made the cross~

section of the test-section a square, %2 inches on a side.

Gust Generator

At the downstream exit of the wind tummel is located the gust
generator mechanism (Figure 2). The mechenism consists of four component
systems: the drive motor and controls, the drive-side gear box, the idle-
side assembly, and the vanes.

The power source for the gust generator is a Wood's, one horse-
power, SCR motor. A Wood's Model U-100 ULTRACON drive control regulates
the motor torque and speed. A pulley and belt drive transfers the

rotational motion of the motor shaft to the drive-side gear box.

Power is transmitted from the motor to the vanes through the
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drive-side gear box. The gear bhox contains a worm gear, a vertical
shaft, and a series of bevel gears and slotted shafts set in pillow
blocks. Horizontal rotation from the motor is geared down and changed
to vertical rotation through the worm gear. The vertical shaft transfers
the rotation to the vanes through the bevel gears, which change the
vertical rotation back to horizontal rotation. Six slotted shafts serve
as points of attachment for the vanes.

On the other side of the wind tunnel is the idle-side asgembly.
The main components of this agsembly are six slotted shafts, each set in
a pair of pillow blocks. In addition, on the second shaft from the
bottom are fixed the vane RPM gear and the timing disk, The vane RPM
gear is a 60-tooth gear which, when used in conjunction with a magnetic
pickup, filter, and electronic counter, allows the rotational rate of
the vanes to be determined. The timing disk, which is an aluminum disk
with a steel stud set intco its edge, is used together with a magnetic
pickup to give a voltage pulse at a apecific point in the vane rotation.

The ;\ra.nes for the gust generator are made from 1/4 inch thick
aluminum, 42 iﬁches long, and of differemt widths, depending on the
percent blockage desired. At each end, along the centerline, are holes
through which the vanes are bolted to the slotted shafts which protrude
into the wind tumel. Vane widths are designated by how mmch of the
wind tumnel exit area is blocked off when the vanes are in a vertieal
position. For example, the set of 7O percent vanes blocks off 70 perw

cent of the tunmnel exit area. In order to minimize flow angularity in

the test section, adjacent vanes rotate in opposite directions.




Gust Generator Calibration

This being an extension of the work done by Malone [25], the
identical gust generator éet-up and calibration curves were used.
Figure 3 shows the operaticonal limits of the gust generator for the
30, 50, and TO percent vanes between 0.67 and 2 Hertz. It should be
vointed out that as the gust frequency increases, for a constant mean
veloceity, the gust amplitude decreases, 'Thus, the upper limit gust
amplitude curve for each set of vanes represents a frequency of 0.67
Hertz, while the lower limit represents a frequency of 2 Hertz. The
upper and lower limits on mean velocity are determined by where the
waveform begins to deteriorate.

Since there is no point where any of the operational limits overlap,
it is impossible o vary one parameter (gust frequency, amplitude, or
mean velocity) and hold the other two constant. With this in mind, and
wanting to retain only a few significant variables, it was decided to
select one mean velocity and one set of vanes for all the tests. Using
the.50 percent vanes and a mean velocity of 42.50 feet per second, gust
~ amplitudes of 7.53 and 3.04 feet per second were dbtained at 1 and 2

Hertz respectively (Table 1).

Hot-wire Anemometer and Probe

Velocity measurements in the wind tummel were made throughout
these tests with a hot-wire anemometer. This means of measwrenment was
selected for its accuracy, ease of use, and voltage outpub. The model

used was & Flow Corporation Model 900-A constent-temperature hot-wire

anemometer.
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Table 1. Gust Generator Operational Curves for
the 50% Vanes (0.67 - 2 Hertz)

wv(Hz) Gust Amplitude (fps)

0.67 v, =~ 2.0180 + .1900 v, + 0024 vi
0.83 v, = - 1.6940 + 1542 v, + .0022 vi
1.00 V) = - 13440 + .1196 V_ + .0021 vi
1.17 v, =- 0.9690 + ,0865 v, + .0020 vi
1.33 V) = - 0.5685 + L0545 V_ + .0020 V-
1.50. vy o= - 0.1h25 + ,0238 vt .oozo-vi
1.67 V) = 0.3089 - .0056 V_ + .0021 V-
1.83. v, = 0.7858 - .0337 vt 0022 vﬁ
2.00 v, = 1.2880 - .0606 V_ + .0024 V-




The probe, also made by Flow Corporation, was 1h inches long and
1/4 inch in diameter. A piece of 0.00035 inch diameter tungsten wire,
welded to the probe tip, served as the sensing element., With this
arrangenment, it was possible to measure velocities as low as two feet
per second.

Hot=-wire Calibration

The calibration of the hot-wire was done 3n the wind tumiel using
the anemometer and probe, a manometer, and a pitot-static probe. The
hot-wire probe was placed in the position where it was to be during the
tests, while the pitot;static probe was located in a downstream position.
In these locations, neither probe interfered with the other., With the
wind off, the manometer and pitot probe were connected, and the manometer
'adjusted to read a columm height of zeroc. Then, the hot-wire probe
element was oriented perpendicular to the flow direction by turning the
wind tuwmel on and rotating the probe wntil the mazximum output was
cobtained.

For constant wind turmnel velocities between 5 and 7O feet per
second, the manometer height and hot-wire voltage were recorded. In
addition, the average staghation temperature and stagnation pressure
were determined over the dufation of the calibration rumn.

The reduction and curve fitting for this data was done on a
digital computer. The program converted manoneter columm height to
velocity using the incompressible Bernoulli equation, then fit both

linear and quadratic curves to the data by a least squares approximation.

Using the standard deviation of each curve, the betber fit was selected




ag the calibration curve. The curve fit used throughout this part of

the investigation is shown in Figure k.
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CHAPTER III
AIRFOIL MODEL AND DRIVE MECHANISM

The following paragraphs briefly describe the airfoil model, the
pitech drive mechanism, and the transducers used in this investigation.
A more detailed description of the design and construction of the .

equipment can be found in Malone's thesis [es].

Airfoil Model

The model used for these tests was constructed from balsa blocks,
which were laminated together and bonded to a 7/8 inch diameter steel
spar. The blocks were shaped into a 9 inch chord, NACA 0012 contour
that had a 42 inch spanh. The spar was located at the quarter-chord.
After the shaping was complete, the model surface was sealed and painted.

To mass balance the model, two rectangular, brass bars were
attached to the spar. The locations for the bars were such that when
the model was installed in the wind tunnel, the bars were oubside the
test-section walls. Thus, the airflow inside the tumel was not
disturbed.

At a point 2.5 inches aft of the axis of rotation, an accelero-
meter was placed. Tt was located near the edge of the model, next to
the wall of the test-section. In this location, the disturbances created

by the accelerometer would have & minimum effect on the overall flow

pattern.
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Model Support System

Due to the requirement that all supports be free of the test-
section walls, both supports for the model suspension system were
attached to the external wind tummel structure. On the side where the
oscillating mechanism was set up, the support structure congisted of a
base plate bolted to the tunnel with steel angles. On the other side,
the support was a trapezoidal frame constructed out of steel angles.

As for the model suspension system, the model was supported by
the main bearing assemblies (Figure 5), which were located outside and
on either side of the test section. The center aym on each assembly
was pimned to the base at one end and fixed ab the other. Btrain gage
bridges were bonded {o the center. arm at the points where the arm had
been milled down., This lift measuring arrangement was, however, not

used In the course of this investigation.

Model Oscillating Mechanism

The oscillating mechanism for the model (Figures 6 and 7} was
designed so that mean angle of attack, amplitude of oscillation, and
frequency could all be varied, The driving element for this system was
an interchangeable eccentric crank.

Driving the mechanism was a Minarik, 1/2 horsepower, shunt motor.
A Model WTF-73, Minarik Tachometer Generator regulated the motor speed.
The oscillatory frequency was measured in the same marmer as the vane

frequency, using a 60«tooth gear, magnetic pickup, low-pass filter,

‘and electronic counter.
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Transforming the rotational motion of the motor shaft into the
oscillatory motion of the model was the function of the eccentric. I%
was fixed to the motor shaft, and had an off-center crank pin to which
the drive rod was comected. The distance that the crank pin was away
from the center determined the amplitude of oscillation. Although four
different eccentrics were available (£ 2°, £ 4°, £ 6°, % 8°), only the
£ 4° crank was used.

The drive arm and drive rod assembly (Figure 8) transferred the
motion of the eccentric to the model spar. As the drive arm oseillated
the linkage shaft, the motion wag transmitted to the model gpar through
the angle of attack adjustment disks. By changing the relative positiong

of the disks, the mean angle of gittack of the model could be varied.

Moment Transducer

A strain gage bridge was bonded onto the drive arm (Figure 8).
This bridge put ouf a signal proportional to the total moment on the
model. The calibration curve for the bridge, as determined by
Malone [25], is shown in Figure 9. Before proceeding with the experi-
ments, this curve was spot-checked for accuracy and was found to be

accurate throughout its range.

Acceleration Transducer

Since no measurements of acceleration were required in this
investigation, the B & K Model No. 306 accelerometer that was attached
to the model was not calibrated. Ttg gignal was used, however, in the

synthegis of an angle of attack scale, and to cancel out the output of

the moment strain bridge as the model oscillated in egtill air. These
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procedures will be explained in detadl in g later section.
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CHAPTER IV

ACQUISTITION AND I:«’EDUCTION OF DATA

Due to the nature and quantity of the data to be obtaine.d., any
decreage in the {ime and effort regquired to acquire and reduce this
data would be most advantageous. Using the equipment and techniques
deseribed in this chapter, it was possible to reduce the data on line,
as the data were being taken. Becaﬁse of thig, a great deal of time was
saved since inconsistencies in the data could be seen immediately and
the test repeated on the spot, and since pogst-acquisition reducing was

virtually eliminated.

Acceleration

The acceleration signal used in this investigation came from the
accelerometer that was attached to the model. This signal was amplified
by an M=B Model NMOO Zero Drive amplifier, after having been conditioned
by an M-B voltage line driver (Figure 10). |

It was then necessary to filter this signal to eliminate high-
frequency noise. .Sending it through one chamnel of a Kmhn-Hite,

Model 3343, low-pass filter, set io pass only frequencies below 20 Hertz,
eliminated the noise. However, in spite of the fact that the moment
signal wag passed through the other chammel using the same settings,
theye was a phage shift between the two signals. Thus, a Spectral

Dynamics SD101B Dynamic Analyzer fitted with a 10 Hertz bandwidth filter

was added to the circuit. The use of thig tracking filter made it
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poessible to have a phase adjustment in the ciréuit.

From the tracking filter, the acceleration .slignal, now filtered,
was put intc the analog computer. There, it was used to convert the
total moment into aerodynamic moment, and to gynthesize an angle of

attack scale.

Total Moment

The complete reduction of the moment data was accomplished as
it was being taken, by electronic means (Figure 10). From the strain
gage bridge, the moment signal was amplified by a factor of 1000 by a
Heff, Type 122, DC amplifier. To eliminate the high-frequency noise
in the signal, it was passed through the other channel of the Krohn-
Hite, Model 3343, low-pass filter. This channel was also set to pass
only those frequencies below 20 Hertz, so that attenuation of the signal
would be negligible.

The signal was then sent into the analog computer where, by
subtracting off wwanted moment contributions the total moment was

converted to aesrodynamic moment.

Aerodynamic Moment

Before the moment data could be recorded, all components of the
moment not due to aerodynamics had to be eliminated. This was
accomplished by using an Electronics Assoclates, Inc., TR-48 operational
analog computer, with its DE3-30 parallel logic umit. The process
consisted essentially of subtracting the proper proportions of inertial

moment, damping moment, and other, higher~order contributions to the

moment, with the model oscillating in still air.




The process which converted the total moment signal to aerodynamic
moment is shown in Figuresll and 12. The incoming data arrives via
trunk 3. In amplifier AlJO, a correction 1s made, through potentiometer
P10, which forces the signal from the statlonary model in still air %o
zero. Then, using A08 and P11, the voltage input is converted to inch=-
pounds (calibration constant = 11.13 in-1lb/volt). Finally, the total
moment, In inch-pounds, is fed into A02, where the correction factors are
applied.

The first correction to be made was the inertial correctlon.

Since the inertial moment is proportional to the angular acceleration, it
was a simple matter to ge'b. the proper constant using P25 and the gains
of A20 and AOQ.

Getting the damping correction turned out to be somewhat more
difficult. The damping moment is, of course, proportional to angular
veiocity, which is the integra.i of angular accelerstion., Since open-locp
integration is normally ar unstable coperation, it was necessary to use
the integration stebilizetion circult that was developed in the course
of Malore's work [25].

The stabilization circuit is basically a feedback circuit in which
the sum of the relative ma.x:.ma. and minime of the integrated signal are
fed back into the integrator. Tn thils case, the angular velocity out of
integrator I1l provides the inputs for trackeand-store units TS22,

7523, T834, and T835. Comparator C2l is driven by the angular accelera-
tion from trunk 2, which is 90° out of phase with the angular velocity.
The output of C21 controls TS22 and TS23 which pub out the relative

maxima, and TS3L4 and TS35 which put out the relative minima. The
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méac:’t.ma and minima are continuously added and fed back into I11,
stabilizing the integration. Having obtained a stable angular velocity,
the proper proportion was obtained using P26 and the 'ga.ins of AOT and
409,

On an oscilloscope display of the corrected moment versus angular
acceleration, it wasg seen that although the @ and @ corrections had
removed most of the unwanted moment contributions, some still remained,
The most obvious higher-order correction needed was an &2 correction.
This was included as shown in Figore 12, The angular acceleration ocut
of A20 was squared in multiplier M69, and the correction factor applied
by P27 and the gain on AD9.

Again viewing the moment, this time with three correction terms,
versus angular acceleration on the oscilloscope, the need for an « o
factor became apparent. The muliiplication of the angnlar veloecity out
of AOT7 and the anguler acceleration ocut of A20 was done by M65. Using
P28 and the gain into 409, the correction constant was adjusted to an
optimum value.

Merely by locking at the gains on the correction factor inputs
to A09, it can be seen that the & and & cortributions smounted to
the greater part of the moment acting on the meodel, while it oscillated
in st11l air. This concelusion was borne out by observations of the
corrected and uncorrected moment signals on the osclilloscope. Even
‘though & and & @ contributions were approximately an order of
magnitude smaller than the & gand o contributions, they were gtill
very important since they were of the same order of magnitude as the

serodynamic moment. The point is that without this or some other
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equivalent method of cancelling out the still air moment, it would have
been virtually impossible to separate the aerodynamic moment from the

total moment.

Data Recording

Hawving established a method of acquiring and reducing the data,

g means of recording and storing it had to be developed. Using the
horizontal display of the Tektronix, Model No. 533A, dual-trace oscillo=-
scope for the sngular acceleration, and the vertical display for the
aerodynamic.moment, curves of moment versus acceleration were produced.
These were recorded on Poléroid Type 47, high-spéed film taken by a
Tektronix Oscilloscope Camera (C-12, The camera was equipped with an
Tlex Speedcomputer and Electronic Shutter.

The idea behind tsking data in the harmonically varying freestream
was to get traces of one complete pliching cycle of the model in specific
areas of the velocity curve. Thege could then be compared to equivalent
-constant freegtream data. The areas of the curve that seemed mogt inter-
estering were: increasing velocity through the mean velocity (00), at the
maximm velocity (90°) , decreasing through the mean (180°), and at the
minimm (270°).

As an example of how this would work, consider the model oscillat-
ing at & times the frequency of the velocity variations (Figure 13).
Since one model pitching cycle would cover 60° of one velocity cyele, a
photograph of the 90° area would start at 60° and end at 120°., Similarly
a photograph of the 180° area would start at 150° and end at 210°. In |
Figure 13, the solid lines show the areas of the curve that would be

photographed at each station.
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It was for the purpose of taking these photographs that the timing
disk (Figure 1h) was installed. The steel sfud fixed to the edge of the
disk passed cloge to the magnetic pickup once asvery vane rotation, or
once every other wvelocity cycle. This caused the pickup to send out a
voltage pulse. The locatlon on the veloecity curve where this pulse was
generated depended on the position of the stud with respect to the wvanes,
and could be adjusted by rotating the disk.

The pulses from the magnetic pickup were sent to the analog
computer, where a circuit had been deéigned to operate the camera shutter
and the oscilloscope singie sweep trigger (Figure 15); With this
circuitry, the shubtter could be opened anytime before the sweep was
triggered, then closed after a single sweep.

Obtaining one, and only one, pitch cycle of the model proved 4o be
no problem, as the oscilloscope time scale could be set so that the
single sweep would only last long enough for the model to complete one
cycle. Also, the closing of the camera shutter presented no difficulties,
since the exposure time could be controlled by “he speed selector knob on
the Speedcomputer. The required exposure time was easily computed by
summing the period of one model c¢ycle and the time Qelay between the
triggering of the shubtter and the sweep.

The need for using the analog computer and its digital expansion
system arose for three reasons., First, the magnetic pickup did not put
out enough voltage to trigger either the shutfer or the sweep. Also, a
time delsy in triggering the sweep was needed so that the shutter would
be fully opened for the entire sweep. Finally, it was necessary to shut

off the triggering pulses while preventing ancther triggering pulse
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from being generated.

The small ocutput of the magnetic pickur required that either the
pulses be amplified or used to generste a larger voltage. In view of the
other requirememnts, the second alternative was chosen. The line from
the magnetic pickup was connected to the analog computer and fed in
through trunk line 15 (Figure 15). This signal was then put into C15
after undergoingla sign change in A1k, For proper operation of Cl5, a
biasing voltage had to be applied to the other inmput. It was controlled
by P15. When correctly set up, C15 put out a + 1 digital signal (5 volts)
vwhen a pulse was sensed, and a digital 0 (0 volts) when there was no
pulse. The digital output of Cl5 was sent to the DES-30, where the time
delay and triggering pulse control circuitry had been built, through
analog~to-digital trunks 20, 21, and 22,

The time delay circuitry for the sweep trigger starts at A/D 20
(Figure 16), and includes flip-flops 20D and 228, monostable timer MTO6,
and differentiator 06. Figure 17 shows the timing'of the cireunit. A
digital + 1 from Cl5 sets 20D, which causes MT06 to put out a + 1 for
tl seconds. The complementary output of MI06, m, then starts with
a + 1 output and goes to O after 20D sets. Differentiator 06 goes
to + 1 for one clock whenever it feels the leading edge of a pulse from
MTO06. Thus, the first + 1 ocutput of the differentiator occuré tl seconds
after MTO6 goes 4o + 1, Flip-flop 21B is set af'ter D06 goes to + 1, and
it is this signal which goes through digital-to-analog trumk 10. It is
this signal Whiéh eventually triggers the oscilloscope sweep.

Triggering the camera shubter was much less complex, as no time

delay was required. The output of C15 goes through A/D trunk 21, sets
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20B, and returns to the analog computer through D/A trurk 11. Note

that there is a delay of one clock between the time C15 goes to + 1 and
when 20B goes fo + l; This is due to the fact that all of these flip-
flops react to their input oh the next clock. That is the reason for
the digital sequencing diagram hé.ving such noteations as tl + 3 and

%, = ‘bl + 1. The numbers Indicate the number of clocks in the time span.

2
The length of a clock period depends on which ¢f the three internal
timing clocks is selected. For the purposes of this investigation the

1 MHz clock was used, giving a clock period of one microsecond. The
other clocks have periods of one millisecond and one second.

The section of the cirecuit that shuts off the triggering pulses
starts at A/D trunk 22, All of the componeﬁts behave in the same way as
those in the time delay circuibry. The only difference in this section
is that the monostable timer constant is ta(tz > tl), and that the outpubt
of 21C is fed into the reset inputs of 20D, 21B, and 20B. As shown
in Pigare 17, these three flip-flops all go back to O, one clock after
21¢ gets. They remain at O until 21¢ is cleared and another pulse is
felt. |

Returning to Figure 15, the triggering pulse from D/A trunk 10
is multiplied by a factor of two in Al6, so that the triggering signal
to the oscilloscope sweep trigger is a full =10 volts. Similarly, the
pulse from D/A trunk 12 is multiplied by two in A18, but due to the
i‘equ:irem.en'bs of the Speedcomputer, a sign change (Al9) is needed to get
a + 10 volt signal.,

The convenience of this timing sequence and automatic triggering

made it desirable for use in collechting constant freestream data. However,
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the vanes were stationary in this case and no pulses could be cobtained
from the magnetic pickup. To take care of this, switch FS1 was added to
provide a manual trigger. When closed, a =10 volt signal is fed into
All. TUpon the application‘of this pulse, the rest of the circuitry
operates as described above.

Proper operation of the circuit requires that the analog computer
be in either the ic or.OP mode. To make it ready for operation, the
DES-30 is put in the RUN mode. After the manual or magnetic pickup
pulse is applied and the triggering is complete, the DES~30 is put into

CLEAR. Switching the DES-30 back to RUN rearms it for another pulse.

Flow Parameter Conbrol

For each set of data taken, six parameters determined the flow
condition to be investigated. These quantities were the three model
parameters (mean angle of attack, amplitude of oseillation, and model
frequency) and the three velocity parameters (mean velocity, gust amplitude
and gust frequency). Of the six, only three needed to be monitored
during the course of the tests.

The three which did not require any checking were the mean angle
of attack, the amplitude of oscillation, and the gust amplitude. The
first two of these three gquantities were model parameters that were
fixed by the geometry of the drive system (see Chapter III)., Since the
gust amplitude was a furnction of vane size, which was fixed, and of
mean velocity and gust frequency, which were to be monitored, there was
no reason to check on it. The value of the gust amplitude was determined

solely by thege three quantities, and could be calculated from the

operational curves (Table 1).




In the following paragraphs, the means used to monitor the remain-
ing flow parameters are described. The number of variables in this set-
up made it imperative that those parameters which needed checking
remained at their assigned values.

Gust Frequency Control

As described in Chapter II, the gust generator was Titted wifh a
60-tooth gear (Figure 2). Close to this was placed a magnetic pickup,
which sent out & pulse as each tooth passed. To eliminate noise from
the pulse train and make the pulses easier to count, the signal from the
pickup was filtered through one chamnel of a Krohn-Hite, Model 3202R,
low=pass filter. Then it was fed intoc a Hewlett-Packard, Model 53024,

50 MHz Universal Counter.

The fact that the gear had 60 teeth made it possible to have the
counter readout give the vane frequency in reveolutions per minute. Since
the vane frequency was half of the gust frequency, dividing the counter
reading by 30 gave the gust frequency in Hertz.

Monitoring the gust frequency was easy because of the stability of
the counter readings. Once the proper frequency was set, only periodic
checks had to be made.

Mean Velocity Control

In the constant freegtream, the measurement of the mean velocity

presented ne problem, since the hot-wire voltage could be read directly

from a digital voltmeter. Knowing the hot-wire wvoltage for any desired
veloeity, the wind tunnel controls were easily set to obtain that velocity.
Recalling that, with the gust generator in operation, the velocity

in the tunnel had simple harmonic velocity perturbations impressed on it,
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it can be seen that the mean velocity could not Iha.ve been measured
simply by using & digital voltmeter. To solve this problem, the analog
computer was again used (Figure 18).

The hot-wire signal was fed into the computer through trumk lire 1.
There, it went into the averaging circuit. Essentially, this ;:onsisted
of an integrator with a feedback resistor. The values of POO and POl
were set to be identical, and determined how fast the c¢ircult would reach
the .a.vera.ge. Due to the presence of the potentiometers in the circuit,
the average put out by I00 was somewhat off of the true average. Thus,
P02 was used to compensate for this offset by alding a constant voltage
to the output of I00.

This average or, in this case, mean voltage was displayed on the
analog computer's dilgital voltméter. Like the gust frequency readings,
these readings were stable, and required only periodie checks after the
initial setting was made.

Model Frequency Control

Az in the case of the gust fredquency, the model frequency was
measured using a 60-tooth gear with a magnetic pickup sending out a pulse
train. This signal was filtered through the other channel of the same
filter used by the gust frequency pickup before going into a Hewlett-
Packard, Model 5301A, 10 MHz Counter. The readout from the coumter ganfe
the model frequency in RPM, A conversion to Hertz was readily made by
dividing the ﬁodel RPM by 60.

Unlike the gust frequency readout, the model frequency readout

was most difficult to monitor. Not _only did it require constant checking,

but a double~check using the output of the accelerometer had te be made
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for each photograph taken.

Experimental Procedures

Before the actual taking of data wag attempted, a procedure was
get up, such that the data could be taken quickly, easily, and with
minimsl experimental error. During the preliminary testing, this pro-
cedure was refined and several checks on the data were included.

Warm=up and Preliminary cChecks

One hour before any testing was to take place, all of the electrorvic
equipment, except for the hot-wire anemometer, was turned on and allowed
to warm up. This lengthy warm-up period was actually only necessary for
the tracking filter, but it was felt that giving everything a chance to
warm up could only be beneficial. The hot-wire anemometer was turned on,
as per its instructions just prior to the preliminary checks, This kept
the probe, which was most delicate, protected from harm for as long as

possible.

After the warm-up period was over, the inputs to both channels of

the low-pags filter (Figure 10) were disconnected and replaced by two
in-phase signals from an audio oscillator. The frequencies of the two
signals were identical to each other and to the model frequency for the
next series of tests. Observing the output of the analog computer on
the oscilloscope served as a check for distortion or equipment failure.
Using the phase addustﬁent on the tracking filter, the two output signals
were put in phase. This assured that there would be no phase difference
between moment and acceleration. TFinally, the commections to the moment

bridge and the accelerometer were replaced.




5till Air Moment

Once the equipment was warmed up and checked out, it was necessary
to cancel out the moment acting on the model while it oscillated in still
alr. The model was turned on and its freguency set to the appropriate
value. On the oseilloscope was displayed a figure which represented
moment plotted versus angle of attack for the model. Ideally, without
inertia and damping, this figure would have Indicated zero aerodynamic
moment. Since this was not the case, the moment correction circuit
(Figures 11 and 12) was used to force the output to zero. By setting
P10, P25, P26, P27, and P28, and cobserving the oscilloscope dlsplay,
the moment could be nearly set to zero,

Constant Freestream Data

The first data taken for each experimental condition was for the
model oscillating in a freestream with a constant velocity. Three free-
stream velocities were selected for each condition. KEach corresponded to
the relative mean velocities of the portions of the veloeity curve that
would be photographed during the varying freestream tests (Figure 13).

After the proper airspeed, as measured by the hob-wire anemonmeter,
was attained in the test-section, the readings on the digital voltmeter
connected directly to the anemometer and on the analog computer's digital
voltmeter (giving the output of A0L) were made identical by adjusting
PO2 (Figure 18). The purpose of this was to make sure that the averaging
circuit would seék the ftrue mean in the varying freestream tests.

Using the manual trigger to operate the shutter synchronization

circuit, photographs were taken of the aerodynanic moment versus negative

acceleration curves for one medel pitching cycle. A second exposure was




L5

taken on each photograph, giving the vertical location of the horizontal
axis. When the picture was developed, the total horizontal length of the
trace was checked against a stendard length. Since a change in model
frequency would be reflected in the acceleration, or the horizontal
length of the trace, this served as a check on the model frequency.

Varving Freestream Data

The most important of the data taken was the aerodynamic moment
acting on the model while it oscillated in the harmonically pulsating
freestream, TFour areas .on the veloclty curve were recorded for each
experimental condition. These regions were centered at 0°, 90°, 180°,
and 270° , and covered that portion which one complete model pitching
cycle would traverse.

Before starting the wind tunnel, the vanes were turned on, so
that they would.not be subjec‘bed to severe gteady-state loads. With the
vane frequency set, the wind tunnel was turned on and the mean tesgt-
section airspeed set to the approximate value. The output of the averag-
ing circuit (A0l), as displayed on the amalog computer's digital voltmeter,
gave this mean velocity.

The actual recording of data involved monitoring the model
frequency on its counter until it had stabilized at the proper value.
Then, the shutter synchronization circuit was activated so that it would
trigger on the next vane revolution. Aga.in, a second exposure was made
to determine the location of the horizontal axis, and the length of the
trace was checked against the standard.

To prepare to record the next velocity region, the wind tunnel was

shut dowm, the vanes were stopped, and the timing disk was rotated into
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its next position. Then, the recording procedure above was repeated.
For each region on the velociﬁy curve, the wind tunnel and vaneg had to
be shut down. As inconvenient ag this was, it did provide an opportunity
to check the still air moment to see that it had not drifted away from

Zero.

Aerodynamic Moment Coefficient
In order to conform to th‘e conventional way of presenting the
aercdynamic moment, it was necessary to nondimensionalize it to get an
aerodynanic moment coefficient. This was done in the usual manner,

letting
1 2
20 V2 (1)

where ¢ 1is the chord length and s 3is the span. For all the data,
the reference velocity was taken to be the mean velocity of the pulsating
freestream (42.50 £t/sec).

This meant that the constant freestream moment data were not
necessariiy nondimensionalized using the constant freestream velocity,
and the varying freestream moment data were not necessarily nondimension=-
alized using the relative mean velocity. The reasons for using this
approach were to maintain uniformity with each set of data, and to
eliminate the need for transforming the majority of the data to fit a

different scale.

Angle of Attack

With the aerodynamic moment coefficient being Adisplayed on the

vertical axis of the oscilloscope, it would have been convenient to




display the angle of attack on the horizontal axis, Then, the moment
versgus angle of attack would be available and not require any further
manipulation.

It was found that with the existing apparatus, there was no
suitable method of measuring the angle of atteack, such that it could be
displayed on the oscillescope. Therefore, 'it was decided to synthesize
an angle of attack scale by using the angular acceleration signal.

Comparing the acceleration signal out of the analog computer to
a signal from an audio ogeillator, it was found that the acceleration was
almost perfectly simple harmonic. It was also known that the change :Ln
angle of attack was simple harymonic. For any mean angle Q’o » amplitude
¥, , and frequency @, ,

iw b

le

d=x +a
o

Differentiating twice $o get the angular accelsration,

Jw
: (3)

Since the values of O!O, Ofl,' and w, were all Inown for any experimental

condition, the negative angular acceleration could be used to represent
the change in angle of attack. Had the model 'pitching motion not been

gimple harmonie, this approach would not have been permissible.

Pitching Stability

To determine the stability of the model's pitching motion, the

sign of the demping had to be found. Positive damping means that the




L8

motion is stable, while negative damping indicates an instability. The
area enclosed by the Cm trace gives the cycle damping (or work per

cyele), and is defined, as in Reference kL, by
damping = § Cm ao (%)

When & C‘m curve traces a counberclockwise circuit, the damping
is positive and the motion stable. Similarly, the tfa.cing of a clock~
wise circuit gives negative damping and unstable motion. Where there
are loops in the Cm vs. ® curves, regions of stability or instability
aye indicated. For instance, a curve shaped like the sign for infinity,
making a clockwise circuit at the higher angles, shows unstable motion

in that region. At the lower angles, however, the motlon is stable, as

indicated by the coumterclockwise cireuit.
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CHAPTER V

RESULTS AND DISCUSSION

The data that were taken and reduced by the method described in
the preceding sections were compiled +to facilitate its analysis., Seven
sets of flow conditions were selected for study (Tabie 2}. The conditions
chosen were those which might best show the dependence of moment coeffi-
cient on mean angle of attack (do), model frequency (.}, gust frequency

(wv)’ and frequency ratio (R).

Statie Moment Data

Figure 19 shows the static moment curve for this airfoil model.
The data was taken at an airspeed of 42.50 ft/sec (Re = 2.02 x 105),
which was the mean velocity for all of the varying freestream conditions.
Alsc shown in the figure is the static curve as presented by Carter et al.,
[22].

It is apparent that although both medels were of NACA 0012 cross-
section, the mﬁmeﬁt curves are markedly differemt. The resﬁlts of the
present tests, which show a gradusl increase in nose-down moment after
a sharp, but short, dropoff, seem to indicate that this model underwent
"thin airfoil stall™ [4]. On the other hand, Carta's moment curve shows
a large increase in nose-down moment which continues out to an angle of
attack of 24", This behavior is typical of the "leading edge" type of

stall that would, in most cases, be associated with a 12% thick airfoil

gection [4].




Table 2, Oscillating Airfoil Experimental Flow Conditions

Condition ao(aeg) al(deg) w (hz) Vb(fps) Vl(fps) wv(Hz) R Af(deg) Figure No.
1 6 b 6 42,50 7.53 1 6 60 01,28
2 10 L 6 42.50 7.53 1 6 60 22,29
3 1k 4 6 ko .50 7.53 1 6 60 23,30
i 18 I 6 42,50 7.53 1 6 60 24,31
5 10 4 6 42.50 3.0l 2 3 120 25,32
6 10 Y i2. 42,50 3.04 2 6 60 26,33
7 10 4 12 h2.,50 7.53 1 12 30 27,3k
o = Q’O + Q’l em&t YV = VO + Vl eiwa't

\n
<
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This evalvation of the two static moment curves is backed up by
the findings of Gault [26], and Ericsson and Reding [27]. They pointed
out that the stall type is strongly dependent on Reynolds nunber and
leading edge curvature., For a Reynolds nmuwber of 1.03 x lO6 and an
NACA 0012 section, as Carta had, it would be expected that the airfoil
would experience leading edge stall (Figure 20). Depending on such factors
as surface roughness and turbulence, there is also the possibility that
the stall could be of the mixed leading and trailing edge type. Although
Figure 20 does not include Reynolds mmbers as low as 2,02 X 105, the
findings in Reference 26 indicate that at such a low Reynolds number, thin
airfoil stall would be expected.

These differences in static behavior suggest that there might also
be differences in dynemic behavior. In their discussion of dynamie stall
testing, Ericsson and Reding [27] included this amcng the problems that
conld be encountered. Thus, it might be expected that comparisons of
the test data and Carta's results would not show close agreement in the

stall region.

Constant and Varving Freestream Moments

To gauge the effect that the harmonically varying freestream
velocity has on the pitching moment coefficient, the varying freestream
moment date was compared to the constant freestream moment data. The
format of this comparison is such that for each mean veloclby position
(¢m) and its corresponding relative mean velocity (Vr), a constant

veloeity (V_) equal to V, s on the same horizontal line. In this way,

the effects of the varying freestream can be readily observed.




-

NACA OO]?IUpper surface ordinate = 1.89 % chord ot .0125¢
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Figure 20. Static Stall Type as a Function of Reynolds
Nunmber and Leading Fdge Curvature (from [26])




It can be seen that the constant freegtream curves change with

velocity in all of Figures 2127, These changes can be attributed to

both variations in dymamic pressure and Reynolds number, The dynamic

pressure effects predominate in the congtant freestream curves of
Figures 21, 23, 24, 26, and 27, where the areas enclosed by the curves
increage with ﬁcrea.s:i.ng freestream veloeity. Since a single reference
veloeity was chogen for all of the cases, this =ffect of dynamic pressure
appears in the plots.

The constant freestream curves in Fugures 22 -apd 25 show primarily
the effects of the change in Reynolds number, The Reynolds number changes
of approximately 15 and 3 percent, respectively, appear as prc;nounced
alterations in the curve shape. The influence of dynamic pressure is
also undoubtedly present, but is overshadowed by Reynolds number effects,
The reasons hehind the greater dependence on Reynolds nunber in these
cases are not precisely unknown, but are probably related to the particu-
laxr combination mean angle of attack and frequency of the model.

Angle of Attack Effects

Figures 21-24 show the effects of changes in mean angle of attack.
Holding all of the other parameters constant, the mean angle was varied
so that the model would oscillate about 6, 10°, 14°, and 18°. Since
the ampii‘cudﬂ for all cases was 4°, the model was operating in four dif-
ferent regimes with respect to the static stall angle (Figure 19).

At a mean angle of 6°, the results were pretty much as expected.
The moment curves were somewhat elliptical, but with rather pointed ends,
and the oscillations were stable.

The mean angle of attack of 10° caused a drastic change in the
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behavicr of the moment curves. As might be expected, an instability
showed up at the higher angles of attack, which were above the static
stall angle. In addition, instabilities appeared at the lower angles.
This was totally unexpected and unexplained.

At 14°, the motion turned completely wnstable at all angles.
As a progression from the 10° angle, this was not completely wnexpected.
However, since part of the angle of attack region was below the static
gtall angle, this case was not expected to be unstable throughout the
entire range of angle of attack. Perhaps these results are due to the
fact that the stall angle was at the extreme lower end of the angle traverse,
and the floi«r never had time to reattach.

In Casge 4, the mean angle of attack was 18°, Although the motion

here was still unstable, it was somewhat less unstable than that with &

14° mean angle, 'The type of behavior implied here was also cbserved by
several other investigators [3-4, 22-23], who found that the damping again
became positive at very high angles of attack. Thus, it would be expected
that if this Investigation had tested even higher angles, the damping would
have become less and less negative until it was indeed positive.

Model Frequency Effects

The increase in model frequency from € to 12 Hertz had a profound
effect on the shapes of the moment curves. I Case 2 (Figure 22), the
moment curves showed instabilities at high and low angles, and sensitivity
to Reynolds nunber. By increasing only the model frequency for Case 7
(Figure 27), all traces of the instabilities were eliminated, and the
curves reshaped to be remarkasbly elliptical. In addition, the curves

seemed no longer to bé sensitive to Reynolds number, as only dynamic




pressure effects appeared.

To verify that this change was due solely to the increase in model
frequency, Cases 2 and 6 and Cases 5 and 6 were compared. In both Cases
2 (Figure 22) and 6 (Figure 26), the frequency ratio (R} was held at a
constant value of 6, and still the curve shapes changed. Similar results

were obtained in Cases 5 (Figure 25) and 6 (Figure 26) where, like Cases

2 (Figure 22) and 7 (Figure 27) the gust frequency was kept constant.

Frequency Ratio Effects

The freguency ratio, being the quotient of the model frequency and
the gust frequency, shows the combined effect of the two parameters,
However, because of the pronounced medel frequency effects, it is diffi-
cult to get a true picture of the effect of frequency ratio. Cases 5=7
(Figures 25~27) show a progression in frequency ratio from 3 to 6 to 12,

One effect of the frequency ratio was apparent from these tests.

As the ratio decreases, the moment curves become umsteadier., That is,

they do not stay in one constant shape and position, but deform and change
magnitude throughcut the veloecity cycle. Of thesge figures, only Figure 25
illustrates this phenomenon to any great extent. The large gaps in the
traces between the beginnings and ends are indicative of this effect.

Note alsc that the moment becomes larger than the constant freestream
values at certain points (especially at ¢m = 180°). Although Pigures 26
and 27 show none of this unsteadiness, it was observed on the oscilloscope
as these cases were being run. In contrast to the large variations seen in
Case 5, the curves viewed in Case 7 were nearly stationary.

Cverall Varying Freestream Effects

In the preceding section, the effects noted resulted from the




presence of the velocity perturbations. These effects are noteworthy
because they show that the velocity perturbations do have a significant
effect on the Cm versus @ curves.

For the test conditions observed, it does not appear that the vary=
ing freestream has an important effect on blade pitching stability.

Under none of these conditions did the velocity variations appear to have

either a stabilizing or destabilizing effect on the pitching oseilistions.

ﬁowever, Case 5 (Figure 25) does give an indicetion that under conditions

of small frequency ratio, large pitching moment changes could be induced,
vhich might adversely affect the fatigue life of the blade, if not its

| structural integrity.

One additional characteristic appeared, to some extent, in all seven
cases. Upon viewing the sequential curves, It seemed that the moment was
lageging the velocity by approximately 900. This effect can be seen by
rotating'the positions of the four varying freestream plots 90° in the
counterclockwise direc_:tion. In this new position, nearly every curve
matched up to the constant freestream curves better than when they were

in their proper locations.

Comparison with Analytical Results

For each flow condition (Table 2), three curves were selected for
comparison with analytical results. One curve was taken from the constant
freestream data and two were taken from the varying freestream data. The
constant freestream curve had a velocity of U2.50 feet per second. The
varying freesbtream curves were selected so that one would have a large

rate of change of velocity (¢m = 0°), and the other a small rate of change

of velocity (¢m = 900) + The data were then compared to the results of two
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analytical methods designed te predict the momert coefficient for an aire-
foil oscillating in a harmonically varying freestream.

Analybical Methods

The reasons for comparing these tests results to analytical results

were twofold. First, it was necessary to find out if the data were con=-
sistent with previously docmleﬁted. work. If so, then the date could be
regarded with some degree of confidence. Secondly, a comparison wasg de=
sired among the test results and the two analytical results to see how they
compared to each other. Good correlations could mean that a certain
analytical method was a reliable way to predict moment loads.

One of the methods was an empirical method based on the data
obtained by Certa et. al [22]. In that presentation, tables of normal
force and piitching moment coefficients were tabulated for an airfoil
cseillating In a constant freestream. These tables were fed inte a com=-
puter program that could interpolate between the data points [28]. Also,
this program was set up such that the stored data could be applied o
| harmonically V&I'.Vil'lg freestreams, as well as constant freestreanms.

The other. analytical method, developed by Greenberg L29], was
based on Theodorsen's treatment of unsteady potemtial flows [30]., While
Theodorsen treated the problem of an airfoil undergoing simple harmonic
oscillations In a constant airstream, Greenberg exXpanded the problem to
ineclude a harmonieally pulsating freestream velocity. Greenberg's formila=-
tion used the basic form of the Theodorsen function, ¢(k), but had three
different reduced frequencies for which C(k) was tabulated. These three
were the reduced frequency of the airfoil, the reduced frequency of the

airstream, and the sum of the two, All were based on the mean velocity




of the airstream. The computer program which computed the moments and
normal forces was written by Malone [25].

Discussion

The curves showing the amalytical resulis and experimental data

described above, are in Figures 28-3%. In keeping with the format
established for the sequential Cm ve @ curves, the constant freestream
pitching moment data are on the left, with the varying freestream data on
the right.

Figure 28 is in the comparison for Case 1 (see Table 2). This case
is a ﬁotentia.l flow condition, sc all three curves in each plot would be
expected to look very much the same., The Carta a.nd_Greenberg curves are
nearly equivalent, but the test results show some noticeable differences.
Although the test data are of the same magnitude as the other curves, they
are somewhat less elliptical. Also, the analytical curves show a slight
tilt to the left, while the experimental curves tilt to the right. A
possible explanation for this is that when the still air moment was being
eliminated, the inertial term was improperly adjusted.

As would be expected, the Greenberg curves remain elliptical in
Figures 29, 31, and 32, and do not compare well to the exper:iméntal curves
in shape. They are, however, quite similar in magnitude. Im Figure 30,
there is no potential flow curve, since the computer program could not
process this case. Judging from the other curves, it would probably be
very muach similé.r to the potential flow curves in Figure 31.

The Carta curves in Figures 29=-32 do not compare well with the
experimental curves either. However, because of the difference in Reynolds

nunber, this was to be expected. The gaps in Figure 31, are due to the
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computer program not being able to handle those points.

In Figures 33 and 34, the Greemberg potemtial flow theory matches

up remarkably well with the test results. In fact, were it not for the

random vertical shifts in the experimental data, they would be virtually
identical. The Carta curves were not included for these two cases since

the reduced frequency of the model oscillations exceeded hig test condi-

tions.




CHAPTER VI
CONCINS IONS AND RECOMMENDATIONS

Using the Georgia Tech Low Turbulence Wind Tunnel, equipped with

an axial gust generator, measurements were taken of the aerodynamic pitch-

ing moment acting on an airfoil model undergoing simple harmonic pitching

motions while immersed in a harmonically varying freestream, The data were
reduced on~line by using an operational analog computer and other electronic
equipment. For the purposes of analysis and discussion, the results were
presented as single, complete model cycles in selected regiong of the

velocity curve.

Conclusions

1. The varying freestream velocity was found to have a significant
effect on the C, VS, ® curves. For the conditlons tested, it did not
radically affect the pitching stability, but did affect the shapes and
magnitudeé of the curves.

2. The stability of the pitching motions was much more strongly
dependent on the model parameters than on the gust parameters. Changes
in mean angle of attack had pronounced effects on +the stability, while
the gust frequency and frequency ratlo had comparatively little effect.

3. Under conditions of small frequency ratio, the moment loads
observed in the varying freestream exceeded thos observed in the constant
freestream. Thus, load predictions based on constant freegstream data

might - tend t0 be unconservative.




k. Comparisons with Greenberg’s potential flow theory showed
~that good predictions of the Cm vs. @ curves could be obtained for the
higher mean angles at high frequencies, as well as for mean angles well

below stall.

5. The processes involved in dynamic stall were observed to be

highly nonlinear a.nd random in behavior.

6. The analog computer proved to be a valuable and versatile tool
in all phases of data acquisition, reduction, and interpretation. Tts use
made it possible to get results that could not have been obtained otherw

wise.

Recommendations

l., For any further investigations, it would be advantageous to
have a means for contro;ling the relatidnship of the veloecity and model
oscillations. Perhaps uging a single motor to drive both the gust generator
and the model would allow the relationship to bhe controlled.

2, A si@ifiéant contribution to the lack of controlebility of
the model frequency was made by the presence of oscillatory loads on the
motor, This situation might be improved by attaching a massive flywheel
- to the motor shaft to provide an inertilal energy reservoir.

3. C(ongiderable improvement in the model support and drive gystem
could be made by redesigning it to eliminate as memy of the bearings as
posgible., This could also reduce the noise and improve the quality of
the moment data. |

4, PFuture, in-depth studies of dynamic stall should be performed
in a facility that can provide a larger test=section velocity. The

resulting increase in dynamic pressure would improve the a.erod,smamib.-to-




inertial force ratic, and the Reynolds number could be more realistic

(e.g. 106).
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CHAPTER VIIL
INTRODUCTION

In the development of a helicopter rotor system, aeroelastic
phenomensa not found in conventional, fixed-wing aircraft are often en-
countered. One such phenomenon is in-plane, or lead-lag motion. This

can occur alone, or coupled with torsional and/or flapping oseillations.

The presence and degree of coupling depend on the geometry, elastic pro-

perties, and aserodynamic environment of the rotor system.

It is well-known that the primary load governing pitch is the
pitching moment, and that flapping is affected mogt by 1lift. Similarly,
the drag forece has a major influence on lead-lsg oscillations. The
ungteady nature of the motion and environment of & rotor blade demands
that the forces on it be considered as unsteady. While there are analyti-
cal methods available for predicting the unsteady 1lift and moment on an
airfoil both above énd below stall [12,17-24,28-30], and experimental
data for verification [3-4,7-12], no such metheds are available to pre-
dict unsteady drag. In addition, there are little reliable, experimental,
unsteady data available on which to base an empirical technique for pre=-
dieting unsteady drag.

Those measurements which have been taken are, for the most part,
of questionable accuracy or limited in scope. Alsc, they were all
obtained for an airfoil, oscillating in pitch, in a freestream of con-

stant velocity. In their study, Liiva and Davenport [LI] measured only




the average drag per pitch cycle., This was done by slowly traversing a
pitot~static probe across the wake to measure the momentum deficit. They
did not attempt to obtain the instantaneous drag.  Windsor [7], however,
did try to obtain instantaneous drag data with the use of a strain gage
balance. Due to a lack of sensitivity and the low natural frequency of
model and suspension system, he was only able to observe trends and
could not meke accurate measurementg., The most recent effort was that of
Philippe and Sagher [a2]. They appeared %o have had success in measur-
ing the drag, but presented very little data. Apart from these three
investigations, no other data could be found.

A survey of methods used by the helicopter industry teo predict

rotor loads was conducted by Ormiston [31]. It showed what effect the

absence of infqrmation concerning wnsteady drag had on the aerodynamic
models being used. Below étall, a large majority of the nine companies
surveyed used some form of Theodorsen aerodynamics, while others used
the Qata obtained by Carta et al. [22] for wnsteady lift and moment.
However, steady-state or constant friction drag were the only approxi-
mations used for these same conditions. In the stall regime, several
different methods were used to predict 1lift and moment, including

carta [22] and Harris et al. [18]. With only one exception, those that
included stall effects used the steady-state dreg or the approximation
suggested by Harris et al. [28]. This gpproximation also used the stabic
drag curves, but instead of the blade angle of attack, an angle was used
which was a Tunction of reduced frequency, Mack number, airfoll shape,
and azimuthel variation in blade angle of attack.

The lack of unsteady drag data is also reflected in research efforts.
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Hohenemser and Heaton [32] were able to neglect drag in their analysis of

second~order flap-lag coupling by considering normal and tangential
blade forces. Elman et al. [33] neglected drag in their analysis of
flap-lag dynamics, even though it was included iIn the equations as
derived by Arcidiacone L34]. In most analyses of rotors with flapping
and lead~lag degrees of freedom, the drag coefficient has merely been
regarded as a constant, equal to the profile drag coefficient [34-41].

Efforts have been made, however to employ more accurate repre-~
sentations of the drag forces in analyzing the dynamics of a rotor system.
thou [42] represented the drag coefficient by a power series in the
unsteady pitch angle, retaining only the zeroth and second-order terms.
Another series representation was used by Ormiston and Bousman [43],
who employed a two term Taylor's series. The series coefficients were
determined from airfoil section data. Experimental drag data were also
incorporated into Crimi's computer analysis [4l4] in order to account
for nonlinear drag effects.

In an attempt to inelude unsteady effects, Bellinger [45] came up
with a scheme to synthesize an unsteady drag coefficient for pitching
ogeillations., His method was based on the assunption that unsteady 1ift
and drag are related in a manner similar to the relationghip between
steady 1lift and drag. The drag coefficient was obtained by adding an
empirical incremental value, which was a function of lift, to the steady=-
state drag coefficient. It was reported that this method gave quantita-
tively good results for the limiting cases of high and low frequency
oscillations. However, there wag no way to verify the results because

of the absence of experimental data.




The lack of an accurate representation of wmsteady drag dees not,
of course, invalidate the results of all of these analyses. They have
provided insights into varicus aspects of the dynamics of rotor systems.
It can be seen, however, that in order to mske a complete analysis of
in-plane motion, a method for representing the.unsteady drag is needed.
In addition, there is a need for experimental data, with which any
forthcoming theory can be verified. This data could algo be used in an
empirical method similar to that of Carta et al [22] until a suitable
analytical technique can be developed.

The objective of this investigation was to obtain some unsteady

drag data experimentally, and to compare it with a quasi-steady approxi-

mation. Keeping in mind the influence of drag on ine-plane moticn, the
flow situation to be modeled was that of a blade undergoing lead-lag
ogcillations while on a hovering helicopter. To accomplish this, a
stationary airfoil model was placed in an airstream which had simple
harmonic, streamwise velocity perturbations impressed on the mean
velocity. The unsteady 1ift and drag forces were then measured.

Using an equivalent displacement derived from the velocity
perturbations, the 1lift and drag derivatives with respect to in-plane
oscillations were computed for various angles of attack and reduced
frequencies. With this formulation, it was hoped that the derivatives
would he functions of only reduced frequency, at a particular angle of
attack, In addition, comparisons were made to the unsteady drag deriva-
tives using a quasi-~steady approximation, and to the unsteady 1ift
derivaetives using both the quasi-steady approximation and a potential flow

approximation.




CHAPTER VIII
MODIFIED AXTAL GUST GENERATOR

In order to measure the unsteady drag of frequencies comparable
to those encountered in the lead=lag oscillations of a rotor blade, it
was necessary to modify the axial gust generator. The medification
involved replacing the original motor shaft pulley, which had a diameter
of 2.5 inches, with one having a diameter of 6.8 inches. In this way,
gust frequencies up to 6 Hertz could be obtained.

The remainder of the wind tumnel facilities, as described in
Chapter II remained essentially the same. One change that was made was

the wire on the tip of the hot-wire probe. The wire used previously broke.

Hot~wire Calibration

The procedure used to calibrate the hot-wire anemometer for the
new probe wire was identical to that described in Chapter II. The cali-

bration curve for this wire is showm in Figure 35,

Due to the strain put on the wire and, perhaps, a weak weld, this

wire lasted only through the calibration of the 50% vanes. The 60%

and 70% vene calibrations were carried out using a new wire, having the

calibration curve shown in Figure 36.

Gust Generator Calibration

The calibration of the gust generator for the 50%, 60%, and 709

vanes in the frequency range of 1 to 6 Hertz was a relatively straight-
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forward procedure. For each set of vanes, data were taken at each of
six frequencies. At each frequency, thirty points were selected at
random and the maximom and minimum anemometer voltages at each point were
recorded.

To make these measurements, the equipment schematically shown in
Figure 37 was used. Because of the higher frequencies attained here,
it wag not possible to use an x;y plotter to record the data, as Malone
[25] had done. Thus, the oscilloscope was used.

The preoblem that then arose was to get sufficient sensitivity.
Ideally, the anemometer output should be read to L digits, but the
oscilloscope could only be accurate to 2.5 digits. To get additional
sensitivity, the analog computer was used to substract a known voltage
{1.100 volts) from the anemometer outpub. The difference was then dis~
played on the oscillogcope, giving accuracy to 3.5 digits.

Once the data for all three sets of vanes had been collected, it

was fed into a digital computer, which determined the operational curves,

Computer Cross~Plotting Program

In order to obtain the operational cuxves for the gust generator,
it was necessary to crogs-plot the calibration data. By this method, it
wag possible to get twenty-one curves of mean velocity versus amplitude,
in the interval of 1 to 6 Hertz, for each set of vanes.

Because of the large quantity of raw data and the number of
computations that would have had to be performed, a computer program was

written to do the cross-plotting (see Appendix A). The program was

based on a svbroutine that, by a least-sdquares spproximation, fit first-

order and second=-order curves to the data it received. Then, it choge
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the better fit. This subroutine was used throughout the program for all
eurve fitting.

Briefly, the program converted the hot-wire voltages to velocities,

and computed the mean velocity and gust amplitude of each data point.

After fitting curves to the data at each gust frequency, it mapped the
curves from the mean velocity-amplitude plane to the gust frequency-
amplitude plane., Ieast-squares curves were then fitted to the maypped
points, giving a set of gust amplitude wersus gust frequency curves at
constant mean velocities. Finally, these curves were mapped back into
the meen velocity-gmplitude plane, where least-squares approximations
were again applied. _It wag thig set of curves that became the operational
data for the gust generator.

The operational curves obtained by the above method for the
50%, 60%, and 70% vanes are listed in Tables 3-5. The operational limits
of the gust generator are illustrated in Figure 38. Note that, as before,
the upper curve of each region is at the lowest frequency (1 Hz), and

that the higher frequency curves fill in below.

Chaservations

The first observation made in conmection with the operation of
the gust generator concerns phase shifts. That is, the existence or
gbsence of any phase differences hetween the velocity at the probe
lo¢cation and the velocity at the model loecation. To this point, it had
been assumed that there was no such phase shift present, since there was
no apparent reason for one to exist, Thils possibility was, never=-the=less,

checked ouf.




Table X, Gust Generator Operational Curves
for the 50% Vanes (1~6 Hz)

Gust Amplitude (fps)

54397 + .08731 v,
.36970 + 06405 A
.21063 + 04268 v,
06677 + L0232 v,
06190 + .0056k4 V_
17536 = ,01003 A
;27363 .02381 v,
.35669 - 03569 v,
Lu2lks6 - 04567 v,
L7722 - 05376 v,
51469 - ,05995 A

.53695 ;06h25 vo
SHL02 - 06665 A

53588 - 06715 v,
5125% - 06575 V
JATUOL - L06245 v,
42027 - 05723 V_
-3513% - .05019 V_
26720 - ,04121 v,
16786 - ,03033 vb.
.05333 - .01756 vy




Table 4, Gust Generator Operational Curves
for the 60% Vanes (1-6 Hz)

Gust Amplitude (fps)

LTT578 + L AWOT v,
L6542 + ,11857 v,
S5hbo7 + 09527 v,
L4533 + LOTHIT V
35760 + .05526 v,
.28108 + ,03855 v,
.21577 + .02k03 v,
.16167 + .01171 v,
.11878 + 00158 A
-08710 - .00635 V_
06662 - 01203 v,
05736 = ,01562

.05930 .01696

v
o
v
o
07246 - 01611 Vb
v
Q

09682 - .01306

o

.13239 - 00782 Vv
17917 = ,00038

.23717 + .00926 o

' +30637 + .02109 V_

.38678 + .03512 Vv

o

L7840 + 05134 VO




Table 5.

Gust Generator Cperafional Curves
for the 70% Vanes (1-6 Hz)

Gust Amplitude (fps)
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1.44200
1.28242
1.13935
1,01238
90274
.80922
.73221
67171
62772
60024
58928
59482
.61688
65545
L7105k +
.78213 +
87024 +
L97hE6 +
1.09606 +
1.23366 +
1.38785 +

2887 v,
.2L952 v,
21419 v,

18249 vo

_ L1542 v,

12997 v,
.20915 V_
09195 V_
.07838 Vo
L6843 v
.06211 v,
05942 v
.06035 V.
06491 v,
.97309 v,
.08U90 V|
.10033 v
- 11940 vV
+14208 v

. 16839 VO

.00189 vﬁ
.00264 vi
.00332 vi
L0391 V>
.004k2 vﬁ
.00485 vi
.00520 V-
L00546 vi
.00565 vﬁ
L0575 V-
00577 vi
L0057 V-
L0557 V-
00534 V7
0050l vﬁ
00465 vﬁ
.00418 vi
.00363 V-
.00300 V*
.00228 vg

.19853 Vb + ,00149 vi
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This check simply involwved placing one probe at each of the two
locations and viewing the outputs simultaneously. The test was performed
at various mean velccities, gust amplitudeé, and gust freguencies. No
phase shifts were observed for any conditions, proving the original
asgumption to be valid.

The other observation concerns the operational curves obitained by
the cross-plotting technique. Figure 39 shows these curves for-the 70%
vanes, and is representative of the other two sets of vanes. It can be
seen thet gust amplitude decresses with increasing gust frequency up to

h.5 Hertz, and then starts to increase. From a physical viewpoint, this

is quite unexpected, as it would have been anticipated that the amplitudes

continue decreasing with increasing frequency.

While there is no physical explanation for this behavibr, there
is a good reason for it. Iocking at Figure 40, the experimental curves
for the same set of vanes, it can be seen that the 3.0, 4.0, 5.0, and 6.0
Hertz curves are closely grouped, and even overlap one another, Since the
standard deviaetions for all of the curves were approximately 0.1 fps. it
is not a case of scattered data at the higher frequencies. The true
curves were simply so closely spaced that the experimental methods
_ available could not accurately make any distinctions among them, Thus, the
good separation at low frequencies and the grouping at the higher frequen=-
ciesg,

The c¢ross=-plotting program could, of course, do nothing but process
the data given to it. The operational curves of Figure 39 were the
results, This is not to say that all of those curves are meaningless,

because they do compare well with the experimental data.
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CHAPTER IX
ATRFOIL MODEL AND SUSPENSION SYSTEM

To accomplish the objectives of the test program, the airfoil
model and its suspension system had certain requirements that had to
be satisfied, Most :i.trrportantly,' there had to be some means for measur-
ing the 1ift and drag on the model. Also, the capability for changing the
model angle of abttack was needed. Finally, the natural frequency of the
system had to be well above the operating frequencies of the freegtrean

velocity perturbations.

Alrfoil Model

Like the model described in Chapter III, this model had a 9 inch

chord, a 42 inch span, and an NACA 0012 airfoil cross-section. It was,
however, constructed from one piece of urethane foam that was split
1eﬁgthwise s then bonded back together around the spar. It was then
shaped to the NACA 0012 section. Due to the fact that the foam chipped
easily along the trailing edge, the last inch of the chord was constructed
from balss wood., To complete its construction, the entire model was
covered with a thin fabrice, sealed, and painted.

-Tn order %o make the model as light as possible and still retain
adequate lateral stiffness, a special spar was constructed. Starting
with a one inch diameter aluminum rod, the part of the spar which was

to be inside the model was shaped into an I-section. The total width of




the I~section was 0.625 inches and the height was 0.750 inches. Both

flanges were 0.188 inches thick, while the web was 0.063 inches thick,

Thus, the I-section had an EALI of approximately 1.24 x 106 lb-ine.

The remainder of the spar was turned down to a 0.875 inch diameter.

This was done so that the spar would fit through the existing holes in

the wind tunmnel walls.

Suspension System Assembly

To minimize the fabrication of new parts, the support for one end
of the model was fastened to the trapezoidal frame used as a support for
the oscillating model, The other support was fixed to the top of the
original outer bearing support (Figure 6).

Unlike the oscillating model support system, this assembly (Figure
41} was identical on both sides of the wind tunmel. On each side it
consisted of the force balance and the angle of attack adjustment disks.

Each force balance was attached to a base plate, which was in turn
bolted to the supporting structure. The base plates served to orient
the balances such that the model spar would line up with the holes in
the wind tummel wall,

Providing the means for adjusting the model angle of attack were
the adjustment disks. The inner disk on each side was connected %o
the model spar, and the outer disk to the force baiance. By loosening
the four adjustment nuts on each disk, the model could be rotated to
cbtain the desired angle of atback. |

The simplieity of this suspension system made it relatively easy
to operate and service, as well as manufacture. In addition, it was

considerably easier to set up and dismantle than was the previous system.
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Force Balance

When the different means for measuring lift and drag were first
being investigated, both force and pressure transducers were considered.
While each system has its own advantages and disadvantages, the fact
that pressure data can give only the 1lift was the deciding factor. In
order to obtain the drag, a force measurement system had to be used.

The one major obstacle that had to be cvercome was how to get adequate

sensitivity in the drag measurements, while having a sufficiently high

natural fredquency for the system.

Balance Design

In order to find a suitable design for the force balance, a litera-
ture search was wundertzken to £ind out what configurations had been used,
and with what success. The type of balance that wag finally selected was
gimilar to that used by Windson [7]. It conbined the features of bheing
able to measure 1lift and drag, and of being relatively easy to construct.
Figure L2 shows the balance configuration, strain gage locations, and
bridge circuits.

The use of this type of balance made it essential to find a way
of getting a fairly large output wvoltage from the drag bridges, while
maintaining a high natural frequency. Using ordinary foil strain gages,
it was found that in order to get a reasonable output, the natural
frequency of the entire system would have had to have been on the same
order of magnitude as the system's operating frequency [7]. Thus, semi-
conductor strain gages were used on the drag beams, instead of the foil

type which were used on the 1lift bheams.
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Figure 42. Force Balance Configuration and
' and Strain Gage Bridge Circuits




Drag Beam

The elastic element used to measure drag force was an "'S" bending
beam [46]. To allow room for the bondiﬁg of gages, each beam was de=
signed to be 0.750 inches long and 0.375 inches wide. That left only the
beam thickness to be determined analytically.

Two factors entered into the specification of the thickness of the

beam. One was the output of the bridge circuil, and the other was the

natural frequency of the system as a whole. In previous work, a 5

microvolt, 60=cycle noise signal had been observed to be present in the
bridge output at all times. Thus, it was necessary to assure that the
bridge ocutput would be large enough to obtain a satisfactory signal-to-
noise ratico. Algo, since the model was to be subjected te veloeity
variations at frequencies up to & Hertz, the natural frequency of the
system, ag supported by the drag beamg, had to be as high ag possible.

The procedure used to select a thickness for the drag beam was an
iterative one. After picking a preliminary thickness, the output and
frequency were calculated. Thils was repeated for successive values of
thickness until a suitable value was found. The relations used for
these calculations can be found in Appendix B, along with the results for
the final set of dimensions.
Lift Beam

For the lift measurement, the elastic element was modeled as a
beam pinned at both ends, with a torsional spring attached (see Appendix
B). Like the drag beam, the 1lift beam length of 3.0 inches and width of
0.5 inches were selected so that the strain gages could be easily bonded

to each beam. The thickness of this beam was also constrained by the




same factors as the drag heam. The procedure for selecting a suitable -
thickness was, therefore, identical to that for the drag beam, except
for the equations used. These equations and the results for the final

dimensions are also found in Appendix B.

Forece Balance Calibration

The calibration of the force balances for the measurement of lift
and drag was conducted outside the wind twmmel on a stand made specially
for this purpose. On this stand, the model was mounted in the same

marner as it would later be installed in the wind tunnel. However, the

stand was constructed such that the entire assembly could be rotated

ninety degrees.

Fach strain gage bridge waé driven by a 5 volt power supply, both
for the calibration and for the testing to follow., The outputs of each
bridge were amplified by Neff, Type 122, DC amplifiers. A gain of 50
was a.pp_lied to each drag output signal, and a gain of 200 to each lift
output. Thesge output values were read directly from a Fluke digital volt-
meter.

Lift Calibration

For the 1lift force calibration, the model and stand asserbly were
put in the horizontal position illustrated in Figure 43. With the weight
Ppan and load arm assembly disconnected and with the loading collar
removed, the amplified outputs of the 1lift strain gage bridges were
zeroed. Then, the collar was attached along with the loading apparatus.
Weights were then added to the weight pan until the outputs of the ampli-
fiers were again zero. In this mamner, the weight of the collar was

cancelled out.
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The calibration itself simply involved adding to and subtracting
from the weights in the pan, and recording. the corregponding amplifier
outputs. A linear least squares curve was fit to the calibration data
for each balance. These curves are shown in Figure Wi,

Note that, for the same load applied to the system, the output of
the west force balance bridge is 1.39 times larger than the east output.
This is a result of the model not being centered between the balances.
Calculating the reactions at the supports for a unit load applied at the
center of the airfoil model, the west reaction would be 1.34 times larger

than the esgst reaction.

Drag Calibration

Since the drag loads that the model would experience were to be
very small, the only practical methods of methods of calibration involved:
the direct use of weights. With the calibration stand in its horizontal -
position and the collar removed, all of the amplifier outputs were zeroced.
The stand was put into the vertiecal position and weights were applied as
shown in Figure L5, returning the outputs to zero. The horizontal force
applied to the model represented the weight of the model while it was in
the horizontal position. The vertical force alleviated the weight of
the model and collar while the stand was in the vertical position. In
addition, weights added to the vertical force weight pan repreéented drag.

The data in Figure L6 were obtained by adding weights to the
vertical force weight pan. Using a least squmares linear approximation,
calibration curves were fit to the data (Figure 46). As for the 1lift
calibration, the west bridge output was 1.39 times greater than the east

output for the drag calibration. Again, this was dve to the fact that
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the model was not centered between the supports.

Since semi-conductor strein gages are known to exhibit non-linear
characteristics, and the calibration curves appear to be linear, addi-
tional loads beyond the anticipated load range were applied to check on
the extent of the nonlinearity. As can be seen in Figure 47, the drag
outputs follow the previously establisghed calibration curves well beyond
the anticipated load range. This is most likely due to the small strains
rut on the drag beams, plus the fact that in each bridge two gages are
in tension while the other two are in compression, thus cancelling out any
non-linear effect,

Lift-Drag Coupling

Using the same set-up as for the 1lift calibration, the effect of

1lift loads on drag outputs was investigated. In this case, all four
amplifier outputs were zeroed with no loading collar. Then, as before,
the collar and weight pan were insgtalled and the lift outputs zeroed by
adding weights to the pan. This should have, and did, also make the drag
outputs zero.

The data in Figure 48 are the results from adding weight to the pan,
recording all four amplifier outputs, and converting the voltages to
1lift and drag forces by the use of the calibration curves (Figures LI and
h6). Ieast-squares quadratic curves were fit to the data. From these
curves, it can be seen that there is indeed a coupling between the 1ift
and drag.

To gauge the slgnificance that the coupling might have during the
unsteady drag tests, the drag forces indicated by each force balance

bridge were summed as they would be during the tests. The curve of
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combined drag versus 1ift is also shown in Figure 48.

Preliminary estimates of the magnitudes of the unsteady 1lift and

drag forces indicated that they would be approximately ¢.3 and 0.015

pounds, respectively, and that the coupling hetween the 1ift and drag
outputs would add approximately ©.0015 pounds, or ten percent, to the
drag readings (Figure 48). While this discrepancy might appear signi-
ficant, it wouwld likely not be particularly Important ﬁecause of other
factors. TIn Appendix B, it was estimated that H0~cycle hum would be one
percent of the total signal, and past experience with the gust generator
- has indicated that it could produce considerably more noise. Weighing
these factors against the expected returns, and considering the complex-
ities that could arise in meking such a correction resulted in the
coupling being neglected in the dynamic tests. It could not, however,
be neglected in the steady=-state measurements, both because the gust
generator would not be in operation and because the coupling has a much

greater influence on the magnitude of the drag.

A comment should also be made as to the reason for the opposite
curvatures of the two coupling curves. A probable explanation is that
when a 1ift load is imposed, there is a slight shortening of the
distance between drag beams due to the curvature of the 1ift beam, This
causes the drag beams to react like cantilever beams, and impoges a
compressive strain on the root gages (1 and 3 in Figure 42) which is
much larger than the tensile strain on the tip gages (2 and 4 in
Figure 42). Since both balances are wired identically, but located on
opposite sides of the wind tummel, their polarifties are opposite in sign

in order to get positive dreg in the downstream direction, Thus, this




type of lcading, where both balances are loaded in the same way, results

in outputs that are opposite in sign.




CHAPTER X

DATA ACQUISTTION AND REDUCTION

This experimental program was designed to study uwnsteady drag at
low angles of attack, and to determine its characteristics. Td achieve
this end, there were several necegsary measuremsnts to be made. These
included the test~section velocity, the steady-state 1lift and drag, the
unsteady drag, and the unsteady 1ift.

Ag in Part I, the data was recorded using a Tektronix Oscilloscope

Camers C=12, However, for this data no automatic triggering was required,

so both the camera shutter and oscillosgcope sweep were tripped manmually.

Velocity

For monitoring the freestream velocity during the steady-state
force determinations, it was possible to read the hot-wire anemometer
output directly from a digital voltmeter. However, the unsteady force
measurements required a different approach. To completely describe the
test section velocity with the gust generator in operation, the mean
velocity (Vb), the gust amplitude (Vl), and the gust frequency (wv) had
to be measured.

The mean velocity was determined by using the hot~wire voltage
averaging circuit (Figure 18) described in Chapter IV. From the
anemometer, the hot~wire voltage was fed to the analog computer, averaged,
and the output read on the computer’s digital voltmeter. The conversion

to velocity was made using the calibration curve of Figure 36.




Taking the output directly from the anemometer and displaying only
the perturbation voltages on one channel of the oscilloscope, the gust
amplitudes and frequencies could be measured. This type of display also
allowed the phase relationships between velocity and drag to be observed.

The conversion from perturbation voltages to velocities wag accom-
plished by adding the maximum perturbation voltage to the mean, as
acquired above, and subtracting the minimum. Using Figure 36, the maxi-

mu and minimum velocities were obtained, the difference taken, and

halved. The result was the gust amplitude.

Finding the gust frequency involved measuring the length of the
veloeity cycles on the ogeilloscope photographs, multiplying by the
horizontal time scale, and inverting. The regnlt was the gust frequency,

in Herte.

Static Lift and Drag

Tn obtaining the steady-state 1lift and drag, the same electronic
equivment was employed as was used in the calibration of the force
balances. Alsgo, the two 1ift outputs and the two drag outpuls were fed
into the analog computer, where they were summed to give one 1ift and
one drag signal.

The summed 1lift and drag voltages were read from a digital volt-
meter and miltiplied by the calibration constants for 1lift and drag

(Figures 44 and 47). Then the drag force was corrected for coupling
effects, as indicated in Figure U45.

To get the drag and 1lift coefficients, the forces obtained above

were divided by the dynamic pressure according to the definitions
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Unsteady Drag

Becauge of the noige induced in the drag signal by the operation of
the wind tunnel and the gust generator, it was necessary to filter the
drag outputs. A Spectral Dynamics SDI0IB Dynamic Analyzer, edquipped
with a % Hz bandwidth filter, was used. This tracking filter had the
advantage of having a phase adjustment so as to preserve the proper phase
relationships between drag and velocity. As illustrated in Figure 49,
the filter was employed after the drag signals had been summed in the
analog computer, The tuning input for thege tests was provided by a
Hewlett-Packard Model 202CR Low Frequency Oscillatof.

The output of the tracking filter wag connected to the second channel
of the oseilloscope. Thus, the velocity perturbations and the unsteady

drag could be viewed and photographed simultanecusly.

Unsteady Lift

Tn recording the unsteady 1lift, the same procedures that were used
to cobtain the unsteady drag were azgaln employed. Since there was only
one tracking filter available, a function switch in the analog computer

served to change the input to the filter from drag to lift (Figure 49).

Experimental Procedures

At each test condition for which data was to be recorded, the

following quantities had to be set: angle of gbtack, mean freestream
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velocity, gust frequency, and gust amplitude. In addition, each time
the frequency was changed, the tuning input had to be adjusted along
with the tracking filter phase shift. Thus, & procedure was developed
to make the data collection as efficient as possible.

In order of increasing difficulty, the adjustments that had to be
made were mean velociby, gust frecuency, angle of attack, and vane size.
The idea was, therefore, to make the more difficult changes the fewest
possihle mumber of times,

From the above considerations, a procedure evolved that was both
efficient and workable. First, the desired set of vanes was installed
in the gust generator and the angle of attack of the model set. Then, the
tuning input to the tracking filter was set to the proper frequency. To
assure that the filter induced no phase shift, the output of the low-
freaguency oscillator was_connected to the filter input. Both the filtered
cutput and the oscillator output were displayed on the oscilloscope,

and the filter phase adjusted if necessary. ASter reconnecting the wires

so that the unateady drag output from the analog computer would be

Tiltered and then displayed on the oscilloscope along with the velocity
variations, the vanes were turned on and set to the Jdesired frequency.
Then, the wind tumnel was turned on and the mean velocity set, as
indicated by the analog computer's digital voltmeter.

When this process was complete, a photograph of the drag and wvelocity
outputs was taken with the oscilloscope camera. A second exposure was
also taken on each pilcture with the inputs grouvnded, to locate the mean
veloeity and steady drag with respeet to their variations.

The other data points were obtained by changing the mean velocity




until all points with the same frequency, angle of attack, and vane size
had been photographed. Then, the frequency of the gusts was changed along
with the tuning input, and the phase angle checked as before, When all
of the frequencies associated with a particular angle of attack and vane
size were completed, the angle of attack was changed. The vanes were

only changed when all of the data points using that set were completed.

Aerodynamic Derivatives

The purpose of measuring the unsteady 1ift and drag in a flow
fleld with streamwise, simple harmonic perturbations in the freestream
velocity was to similate the effects of a rotor blade undergoing in~plane
oscillations in a uniform airstream. These velocity perturbations must
first, therefore, be related to an "egquivalent oscillatory displacement”
of the blade in the streamwise direction.

The freestream velocity in the tesgt-section can be writiten as

_ iw 4
V=V +V e v (7)

The equivalent displacement (§), of course, has the same frequency and is

positive in the direction of the advancing blade, It iz written as

or, in non-dimensional form, as




The velocity perturbations and the inw-plane displacement are related

through the rate of displacement (£), which is

= X 9t < v, et (10)

Therefore, the amplitude of the velocity perturbations in terms of the

displacement becomes
(11)

Having established a relationship between the veloeity perturbations
and the equivalent displacement, it will now be assumed that both the
unsteady 1lift and drag can ﬁe expressed as linear functions of that dise-
placement. This assumption will later be verified on the basis of the
data to be recorded. Under this assumption, the unsteady aerodymnamic

loads can be represented as

Ce (12)

(13)

Both the 1ift and drag derivatives will, in general, be complex nunbers

which represent their phase relationship with respect to the equivalent

displacement. They are defined a.é

3¢ 3¢

[0+ ()] =
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r"] 3 (15)

From Equation (11}, which shows the velocity perturbations leading

Ed=[('ER+i('a}§)

the equivalent displacement by 900, the imaginary parts of the aerodynamic
derivatives will be in phasge with the velocity. Similarly, the real parts
will lsg the velocity perturbations by 900.

Consider, for example, the unsteady drag as
- iw . iw
d=de1vt=(dR+ldI)elvt (16)

where d_R is the harmonic component of the drag force which lags the
velocity perturbations by 900, and dI is the component which is in phase

with the perturbations. The unsteady drag coefficient (Cd) is then

Cd = Ed. ej"'nv:t = [(d‘R + i dI>/ % P Vi cs:] eiwvt (17)

€y = (Cdp + 3 (G (1%

The associated components of the complex drag derivatives can then be

be fowmd, vie Equaetions (15) and (11), to be

(33,




Lift and Drag Data Reduction

Figure 50 is an example of the unsteady drag and the velocity
perturbatioﬁs as they appear in the oscilloscope photographs. The data
on pictures such as this one were reduced and tabulated to obtain the
lift and drag derivatives. BSince each photograph could represent only
one get of test conditiomns, only the real and imaginary parts of the
lift or drag derivative for those conditions could be cbtained from each
photograph. |

The real and imaginery pearts of the drag derivatives were compubed

Wz e % ()
=a /3 vV (22)

As demonstrated in the preceding section and shown in Figure 50, the
imaginary component of the unsteady drag is in phase with the velcocity
perturbations, while the real component lags the perturbations by 900.
The same phase relationships that apply to the real and imaginary
parts of the unsteady drag also apply to the real and imaginary parts of
the unsteady lift., The equations used to compute the 1lift derivative

are alsgo similar to those for the drag derivative. They are
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CHAPTER XX
RESULTS AND DISCUSSION

Having obtained the unsteady 1lift and drag data by the methods of
Chapter X, and having reduced it to lift and drag derivatives, it was
necesgsary to examine the results. In addition to loocking for trends due
to reduced frequency and angle of attack, the test results were compared

to quasi-steady and potential flow approximations.

The test conditions that the data represent are listed in Table 6
and 7. These tables became useful during the analysis of the data, when
dependencies other than reduced frequency and a.ngle of attack were being

invesgtigated.

Static Lift Data

The experimental 1if% curve obtained for these tests, at a Reynolds

nunber of 1.43 x 105, is shown In Flgure 51. In order to verify this

curve, steps were taken to compare the 1lift curve slope, shape, and stall
angle to both theoretical and experimental results,

Since one of the suppeositions of this investigation was that the
flow was a two-dimensional, potential flow, the cbvious comparison of the
1ift curve slope was to the potential flow value of 2m (for a flat plate).
As can be seen from Figure 51, the test results exhibited a slope that
was somewhat greater than predicted. In Chapter 16 of reference [L6],

Karamcheti gives an approximate correction factor for thickness effects.




Teble 6, Unsteady Drag Test Conditions
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Table 7. Unsteady Lift Test Conditions

Vo(fps) Vane Size (%) wv(Hz)

32.1 50 3.1
25.0 50 3.1
37.5 50 L.7
26.7 50 4.2
30.0 50 h,7
15.0 50 3.0
18.8 50 b7
15.0 _ 50 4.6
15.0 70 4.6
11.3 70 h,7

i
I
4
i
N
i
y
i
i
i

26.7 50 h,1
30.0 50 W7

30.0 4,5
26.7 k.2

26.7
26.7
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Figure 51, Static Lift
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g (L+ .77 ) (25)
[
Figure 51 shows that this correction brings the experimental and theoreti-
cal 1lift curves right into line. The close correlation of the twe slopes
not only confirmed the accuracy of the test results, but also indicated
that three=-dimensional effects played little or no part in the flow.
The next feature of the experimental 1ift curve to be investigated
was the stall angle. Test data for this model were not taken beyond
an angle of 9° because the turbulence generated by stall separation
cauged the model to vibrate. This was how the stail angle wag determined.
Since this angle appeared to be quite low, other data also obtalned at a
low Reynolds number were desired for the purposes of comparison.
Tn an NACA report by Jacobs and Sherman "L47], it was found that
the low stall angle was an effect of Reymolds muiber (Figure 51). In
addition, the 1ift curve in the report showed a change in 1ift curve
just above 4°, but to a lesser extent than the experimental curve obtained

here. One explanation for the exaggeration of this deviation could be

some roughness that was presented on the upper surface of the model,

in the area of 0.8 c.

Static Drag Data

Figure 52 shows both current results and data from Jaccbs and
Shertan [4’?]. While the profile drag coefTicients at 0° were nearly
identical, the test results exhibited more curvature than the NACA results.
Again, it is possible that the model's upper surface roughness was the

major contributing factor. Because of the sensitivity required for these
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measurements, the closenesg of the two curves was encouraging, as it

lent credibility to the accuracy of the drag measurements.

Unsteady Drag Derivative

The variations of the real and imaginary parts of the drag deriva-
tive with respect to reduced frequency, at an angle of attack of ho, are
shown in Figures 53 and 54. Both graphs exhibit good consistency, in
that a definite, continuous trend is pregent in each. However, the data
for the imaginary part are considerably more scattered than that for the
real part. In addition, it should be noted that while the data in both
figures appear to show larger deviations at the higher reduced frequencies,
the percent deviation does not change appreciably.

A probable explanation for the greater scatter in the imaginary
vart can be illustrated by Figure 50. The real part of the drag was a
larger number, located near the point of maximum velocity. The imaginary
part was/smaller, and found near the axis. 8ince both parts were subject
to the same accuracy limitations at a particular reduced frequency, the
imaginaxry part showed a greater percent deviation.

With respect to reduced freguency, both the real and imaginary parts
of the drag derivative exhibited a tendency to increase in magmitude as
the reduced frequency increased. The real part became more negative,
while the imaginary part became more positive.

Figures 55 and 56 illustrate the effect of angle of attack on the
drag derivative, Both of these plots show that, compared to the effect of

reduced frequency, the angle of attack has only a weak influence, Again,

it should be noted that while the data for'kv = 0.58 appear to be less

consistent than the data for kv = 0.36, there is little percentage
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difference. It would have been considerably more difficult, however, to

draw any conclusions based solely on the higher reduced frequency data.

Quasi-~Steady Drag Approximation

As noted in Chapter VIT, most analyses ¢f in-plane blade oscilla-
tions use a drag coefficient equal to the two~dimensichal, profile drag
coefficient. This approach ylelds a drag derivative whose real and
imaginary parts are zerc at all angles and reduced frequencies. Judging
from the data in Flgure 53 through 56, this approximation does not appear
to be valid.

Tt is proposed that a quasi-steady drag approximation be used,
which is based on two~dimensional, steady-flow data. The unsteady drag

can then be represented as

(26)

GRS [% p (vo + vl)z cs €, -'% P Vﬁ es CD]/ %—p Vi es (27)

556 @) @

Since the maximm experimental. value of (Vl/vo) was 0.12, the squared

term can be neglected with respect to the linear term.

E!D=2CI)T'I1/V0

Substituting from Egquation (10) to get Equation (29) in terms of
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k. and x,
v

ED=120D1:VE (30)
(31)

Trom the definitions of the real and imaginary parts of the drag
derivative, Equations (19) and (20),

(%)R =0 (32)

ac
4} - (33)
(ax: I e QD k

Note that the real part of the derivative is zero. This is because the
drag approximation is completely in phase with velocity.

The results of this approximation are plotted on Figures 54 and
56 to see how they compare with the test data. Since the real part of
this derivative is always zero, its curve lies along the horizontal
~axes of Figures 53 and 55. Cbviously, this is not a good approximation
to the real part. In Figure 5k, the steady-flow approximation lies along
the lower boundaxy of the swath of data points. While it is difficult to
ascertaln a true slope for the points, the approximation does appear to

predict somewhat smaller values.

At a reduced frequency of 0.36, in Figure 56, the approximation

seems to do an excellent job. However, the curve for kv = 0.58 falls
below the data points. Judging from Figure 53, it is Just possible that

the close agreement at kv = 0,30 is due to good fortune in picking the
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reduced freguency. However, it is also possible that the true slope of
the data in Figure 54 could be closer to the quasi-steady approximation

than it appears, In that case, this approximation is indeed good, but

for the imaginary part only.

Unsteady Lift Derivative

The 1lift derivative data are shown in Figures 57 and 58. In both
plots, the data exhibit good consistency, and less scatter than the drag
measurements, Most likely, this is a result of the 1ift forces being
considerably larger and easier to measure.

In both figures, it is noted that, like the drag derivatives, the
real and imaginary parts are of opposibe sign. However, in this case, the
real part is negative and the imaginary part positive. This change of
sign is indicative of the phase difference between drag and 1ift that was
observed in the raw data., It was fourd that the drag lagged the 1ift by
an average of about 350.

Figure 57 indicates that the imaginary part of the derivative does
not change greatly with reduced frequency, although it does increase a
little, The real part, on the other hand, shows a marked decrease ‘above
a reduced frequency of one;half.

The data showing the variation of 1lift derivative with angle of
attack (Figure 58) demonstrates a definite increase in the imaginary
rart with angle of attack. The real part alsoc appears to increase with

angle of attack, but only very slightly.
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Quasi-Steady Lift Approximation

An approximation to the westeady flow situation like the one made

for drag can also be developed. The wstesdy L1ift is then

- iw 1
Cp = CL e :va (34)

Proceeding in the same fashion as for the drag derivative,

(]}
]

B V2
AL CORCN (35)

: - dwt |
Cy 120Lkvxev (36)

il

Applying Equations (23) and (2L}, the definitions of the real and

imaginary parts of the 1lift derivative,

3¢
(E93=o (37)
o
(59)r =2 &%, .

These equations are plotted in Figures 57 and 58 along with the
experimental data. Again, the real part is zero, and coincides with the
horizontal axis in both figures. The imaginary part in this approxima-
tion Increases mch faster than the data in Figure 57, and only a little
faster than the data in Figure 58, As in the case of drag, this approxi~

mation does a better job in predicting changes with angle of attack than

it does in predicting varistions with reduced frequency.
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Potentisl=Flow Approximation

Another approximation to the mnsteady 1ift derivative can be
derived from Greenberg's work [29]. In that paper, the normal force was
determined for an airfoil pitching and plunging in a pulsating freestream.

The force coefficient or, in this case, 1ift coefficient was

o RIS SR S
O

As before, the pulsating velocity is written sas

VeV 4T e (%0)
Substituting Equation (40) into (39) and expanding,

% (AR VN o YN et (Vl“- | it
CL:WI"L?(-V_O-)e v +1+\-‘§)e v+ ﬁ) C(kv) e” v

V.2

+(F) o) 2 } (41)

The second texm of Equation (40} is obviously the steady contri-
bution to the 1lift coefficient. It is also apparemt that the steady 1lift

cﬁr\re slope is 2m, Applying the thickness correction for 1ift curve slope

as before, the unsteady 1ift coefficient is cbtained.
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B A V..
c, = 2m (1L +0.77 Ma, {=% (Tri') + (ﬁ) + (%) ok, (42)

o
Voo . R
_;J iw t} iw %
+ (Vo c(kv) e" v re w

As in the steady-flow approximation, the last term of Equation (40) is

neglected as being small because of the gust amplitude ratio being

squared.

Again, to put the simplified form of Equation (42) in terms of
k _and x, Equation (11) is employed.
Cp = 2n(l + 0.77 )@ kK x (43)

S PO RSy ST

Applying Equations (19) and (20) to get the real and imaginary parts of

the 1ift derivative,

3 -
(-E%E)R = - 2n (L +0.77 o k_ [kg—v + G(kaJ (“l*)_
(2;§)I = on(l + 0.77 T)ar k| [l + F(kv)] (45)

Like the gteady~flow approximation, the real and imaginary parts
of the 1ift derdivative were plotted against reduced frequency and angle

of attack., Figures 57 and 58 show the comparison of the three sets of

data.
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Figure 57 shows that the imaginary part of the potential-flow
approximation exhibits an increase with reduced frequency, as 4id the
test resulizs and the éuasi-steady approximation, The slope of the curve
does not, however, agree well with either. On the other hand, the real
rart of fhis approximate derivative comes very close to the test data,
especially at the higher reduced frequencies.

In looking at the variations of the 1ift derivative with angle
of attack (Figure 58), the quasi-steady and the potential flow approxi-
mations are found to be close. The major difference is in the imaginary
part, where the potential-flow approximation has a shallow slope. In

addition, while the real part stays very close to zero at all angles,

it does show some decrease.




CHAPTER XIX
CONCLUSIONS AND RECOMMENDATIONGS

The Georgia Tech Low Turbulence Wind Tumel, equipped with an
axial gust generator, was agaln used in this part of this investigation
to cobtain unsteady drag and 1lift data. Measurements were made on a two-

dimensional airfoil model at constant angles of attack, and the results

used to get drag and 1ift derivatives.

Conclusions

1. The consistency of the experimental data and its qualitative
agreement with theoretical methods lend credibllity to the data, and to
the reliability of the experimental methods, The results are, however,
of limited practical use because of the low values of Reynolds number.

2. The phase difference between drag and 1ift indicates that the
major contribution to the mmsteady drag is not pressure drag. Most
likely, the major contribution ig due to viscoug forces.

3. The quasi-steady approximation does not give adequate results
for the real and imaginary parts of the drag derivative with respect to
reduced fregquency or angle of attack. NEither_is it particularly good
for the 1ift derivative.

4. The potential-flow approximation is not capable of predicting
drag, and would not account for the phase ghift in any cage. It does,
however, do a better job in predicting 1ift then the quasi-steady approxi~-

mation.
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Re cormendations

1. Tmproved drag and 1ift sighals might be obtained by isolating
the force balance mounts from the wind tumnel. If the model were mounted
on heavy pylons placed on the floor, the noise Induced by the gust genera-
tor might be greatly reduced.

2. An jmprovement in signal quality might also be attained by
uging thicker lift and drag beams. Since the amplifiers were set at
fairly low gains, no loss of signal strength would result. In addition,
it might be pogsible to get the total drag and 1lift instead of Just the
unsteady part.

3. Undertaking a similar investigation for higher Reynolds mmbers
could be done simply by using a facility that could produce higher
velocities. The results of such a study would be considerably more use=
ful in practice.

L. Using the more realistic date, and an existing blade stability
analysis, the effect of unsteady drag on the stability of in-plane oscilla=-

tions could be determined. This type of comparison would result in giv-

ing analysts a better idea of how accurately drag needs to be represented.




15

APPENDIX A
GUST GENERATOR CROSS=-PIOT PROGRAM

The following program is written in FORTRAN IV for use in the
Control Data Corporation CYBER Th digital computer currently in use at
Georgia Tech. The approximate compilation time for this program is
2.6 seconds., For six sets of data consisting of 30 data points per set,
the approximate execution time is 0.8 seconds.

Data input to the program includes the vane width in percent and
the mmber of.data sets. This is followed by the first set of data which
consists of the number of data peoints in the set and the vane freguency
in revolutions per minute, followed by the minimum and maximm hot=-wire
voltages for each data point. The second data get feollows the first, and
so forth.

The 6u‘bput of this program gives the mean velocities and gust
ampiitudes in feet per second, for the input data in each set, plus the
least=squares approximate curve for that frequency. Then, it gives the
operational curves computed by the creoss-plotiing techmique. These

curves are spaced at frequency intervals equal to one=-guarter of the

difference between the frequencies of the original data sets.




A OO OO 0O Do m

o

lp Ealele

FROGREM CROSSUINFUTGUTPUT,,TAPES=INPLT TAPEE=CUTPUT]

THIS IS A PROGHKAM WHICH DETEwtINMEs THE OFZRATIOMNAL CURVES FOGR
THE GUET CeNERATOR. . FCR ANY GIVWeN VAARE WICTH, IT CAN HANDLE UP
TO 410 SE£T5 OF DLTA AT EQUALLY SFACED FREQUENCIES AnD uP TC 356
JATE FOINTS PIR SET. A4LL QATA IS INPUT [N FREZ FORMAT,

INPUT 0ATA-

IVH VANE KIUTH {FCT)

NS NO. CF DATA SETS

NaA NG. (F UATA PCINTS IN THE EET

vF VANE FREZQ FOR THZ SET (2PM)

EMIN MINIMUM HCT=-nIRE VOLTACE {VOLTS)
EMA X MAXIMUM HOT=WIRE VOLTAGE (VOLTS)

DIMEMNSION EMEAX(SOI,ZRINISOY s XU1D 957 o XX(STI oY (104500 4YY (59},
A CAC3Y 1010w 3) s XFISE) o XMAXLLI0Y  XMINCLIC) 2ABC10+40)Y, VEL{LT),

1 AEPC10Y +CEL3Y 2020033 yGFLLAr )y ACILT a4 s QL2 +C3t4l430,

1 CF{L{)sBCF (4D}

IN ANE WICTH AND NO. COF GF DATA SETS,
AC(E,¥) TVYKLNS

ITE(E+2) 1VUW

ENZ¥ [3¥ (NS=-101}

X

SECTICN 1 = CONVERTYT VOLTAGE TO ¥&€LCCITY AND FIT CURVES TC THE
iINPUT DATA,

&




uEaYviel

laEeNale]

cC OO

il2

GO 101 I5=1.NS

REAC IN NO. CF DATA FT1S,
YyOLTAGES FCR DAYA SET IS.
STGRE IN GF(I).
KEAT (S ,*) NA,VF
READIC 4% (SEMINLITIYLEMOX(]) 122,440
GF(IS)=VFrit. '
WRITZ 16, 3) GFLIS)

VANE FREQs MIN

CoMPUTE

CONVERT HIT-wIrE VYOLTAGES TO VELCCOITIES.
AND MEAN voLOCITY,
MEAN VELQCITY Xx{I,.J!}
BC 102 IA4=1,NA
cAzZMAX{IA}
SE=EMINC(IRZ}
VA=FNF {ZA)
V3a=FNF (£B8)
¥UISe JRAY = (VA VEY /2.
XXLIAY=X{I8,14)
YIIS+1AI=CLA=-VEBI #2.
Yy {(Ie)=¥(1<, 1}
WRITE1be L) XIS, 1A)sY(IS,IA}

AT GUST FREGQ GFI{I).

CiTEXMINE THE COSFFICIZINTS CALl) OF THE
FOR THE DATE (CRRESPONOING TC GUST FREQ
c1(1s,I).

CALL LSTSORINAyXXsYY4CA,SA)

ceACH AMPLITUDE ¥Y(I,J}

VCLTHGES 4

GUST FREQ FUR TH:z

COMFUTE

LEAST=-S4L
GF{IS).

CCRRESFUONDS

AND MAX

SZT BND

GUST ANMFL

¢ A

ARES CURVE
STCRE IN




08 L¢3 TI=1,2
LitISyDI=Ca(l}
WELITC (6,7}

b
(]
[

WRITE(Ee5) CFEISI,C2{ISe214C1UI5+2)+C2UIS5,30454

WRITZ1E,81
g FING ThE M8k UiL U=2C IN THE Q21L& 3

LG oLvs Is1,NA

174 XFL1Y=x(IS,I
CC 10F J=2,N2
IF(XPULY JGELXP LU GG 10 1565
XMX=XF (L)
XFLL)y=xP{J}
XFE{u)=XMY

125 CONTINUE
XMAXEISY=XF (1)

(k)

i.

@

C FIND Tei MIN wEL USEL IN THE CATA SET.
GC 106 J=2.NAi
IF{XP LY JL o XFLJY) GO TC 1TH6
XMN=XP (1)
XPCiy=XP {J)
AP {J)=XHN

1%c  CONTINUZ

XMIN{ISH=XP (12

C  REPEAT FOR THE NEXT DATA SET,
i71  GCONTINUE
WRITE (5,7)

ST

[P

Al

el

\R:
-

m

In xMAX(IS) .

IN XHINCISY.



[ NI I s i ]

(%]

i}

C

3

SETTLION

%
[ e

¢3

F1KS

FING

COMFUTE
VELCLITY

FROM THEL
FCINT AB(Js 1}

c -

CRCSS-FLOT FROM THE MEAN VwIL-AMFL fFL
GULT FREQ=AMPL FLANE,

TR MAX wzLJOCITY
CC 2.1 J=Eg.NS
IFEXMEXT LY oG XMAX{JY)Y CU TO 01
YMx=xrMEX{1)

AMAXLIY=XMEX ()

XMEXLLI=SUMX

CONTINUE

ih aLL DATA SZETS,

Tt MIN VELOCITY 1N
LC 202 3=Z,NS
IFEXMINCGLY JLEaXMINCIY)
VMN=XNMIN(1)
MINLTI=AMINCG)
XMIN(SY=VMN

CONTINUL

ALL DATA SETS,

Gu TC el?

T Ly

=y p
ErVAL

THE VELCCITY In G
MATRIX vIti.

DY {XMAX (2 F=-XMINEZ )Y}/ ANX

CC 203 I=1,NX

VI(I?=XMIN(1}+ ((I=1}*DV)

GUZFFS IN THEZ C1 MATRIX,
IS THE AMFL AT MEEK

CoMPUTZ AB(J
Vee vIt1)

FOR CUST FR:ZG

ANE TC THc

»I). EA&GH



GFlu)e ©cACH R0W OF 28 IS AT CONITANT GUST FREG AND EACH COLUMN
AT CORSTENT MIAN VEL.
OCc 204 I=1,NX
0C 245 J=14NS
AECU«II=C01 (U e QLU 2H*VIIIR{L (S 3P (VLI(I)* 2}
LEF(JI=ABLJ, 1)
25  LONTINUE

In :
L DETSRMINE THE (OEZFFfS CE(K) CF THE LEAST-SQUARES CURVE
C CORXESFONDIMNG TC MeAN vEL VI(IJ. STORE IN C2¢1IsK}.
CALL LSTSQRINS,GF,LBP,LA,SED
00 206 K=1,3
C2UIl4KI=CE (K)
CONTINUVE

-

SECTIOGN 2 - CROSS=-FLOT EBACK FROM TAS GUST FEEQ-AFFL PLANE TO
THE MZAN VEL-AMPL PLANE.

CONFUTE THE CUST FREQ INTERVAL MATRIXa
00 3ui I=14NX
3C1 GFUCII=GF LI ¥4I =2) AESLICGFL2)~GF (1) 74.))

FRCM THI COQEFFS IN THE €2 MATRIX,y COMPUTE AC{JsIys EACH
POINT ALC(J,1) 13 THE AMFL FOR GUST FREQ GFULI)} AT MEAN VEL
VI(Irs EACH ROW OF AC IS AT CONSTANT MEBN VIL AND E&CH
COLUMN AT CONSTANT GUST FREG.

CO Iue T=1.NX

0 3.3 J=s1.NX




L 47]

(3]
{ri

Kol Ind

{nd

(w2 on T 3o T 4o BN ouil o B o

AL Uy II=C20(d0 13 02004 2)*0FRI1I40 2 LU 332 LLFQLI)**2)
wCRF{JI=aCicy 1)
CONTINUE

CZTE«MINE THE LOEFF3 CC{Kki CF THE LZIAST=-SQUBRES CUFVE
CORRESFONJING TO GUIT FRES GFQUCLle STGRE IN C3(IK}.
CALL LSTSQRINXR,VI,2CP.LLC4SC)
CC 304 K=1,1
26 C3CIakI=CC L)
22 CCONTINUE
WRITE (BB}
€0 37% I=1,NX
WRITE(Es5) GFOCI) L31T+3)9C341,2)4C3(T153),58
% CONTINUE
WRITE (£,5)
THE CUTFUT OF TRIS FROCRAM GIVES FIPST THE ORIGINAL DATA AN
THE CUKVE FITS. THEIN, THE OPIRATICNAL CURVES ARS GCIVEN. ALL
VELOCITIES ARE IN FT/StCe THERE ARE 2 CURVES FIT EETWEEN
SACFE CRIGINAL CULRVES

2 FCOKMAT [1H1,33X, wlbH#**¥»x% UaANE CA{IBRATION CROSS=FLOT LATA *#*»»»
17/713%y19H*F¥ %% YOANT WIDTH = 2I1Ze14H FERCOINT ¥*222,/7/77723X,
c24H* RAW WIND TUNKEL DETA *//) ‘

2 FORNMAT {9X4lERGUST FRIQUENCY =4F Decyp3Ck HZ MEAN SPEED AVMFLIT
1UDZ/)

&
1_I




£

FORMAT (G4OQXsFT74335%F7.3)
FORMAT (1X F 64243 HZ33XeBbAMFL = (2E11.5:5H) ¢ (,211.5,
F7HY®Y & {4 11¢S, aHI*{uT2) /7, 3%, 21 +STANDARD CEVIATIOK = ,310.4/1%
ECRMALT (1H1,2ZX,2LH** CPFERATIONAL CumrRVES **/)
FoRMaT {/)

FCuMAT (/710

wm

Yoo o~ @

FCRMATCAHL)
KL

FUNCTION FNF(ED

S FUNMCTION CONVERTS RCT-WIRE VOLTAGZ TO WIND TUNNEL VILOCITY
NG TeWE CALIERATION CURVE FHNFILE),

C

L OTHI
C ust
C
FNF1=215.1-0(47770-(2256% (E**Z1) ) *%,5)
FNF=FNFL1®*g

RETURN

END

&
S
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e

SURRCUTINE LSTSGR(HsXsYalsS)

THIS SUERCUTINE CCHMPUTES FQTH FIRST=ORICR AND SECOMNU=-JRCER

LEAST=SulaksS AFFROXIMATICNS FCR TwI INFUT DATA,

CHQCELZE THE EeTTer FIT ON THZ EAZIS OF THt STANUARO 0IvIATION,

INFUT FARGMZTZRE-

N NO. OF DATD BPTS
X{N] AESCICSSAS OF THE LATE FT5
Y(h) ORDINATES OF THE LATRE FTS
QUTFUT PARAMETcRS-
({i1) CCGEFFS OF TH: EETIER FIT _
S STANDARD CZvIATION CF THZ BETTIR FIT

OIMEINSION SX ALY s SYUICY s SXY (Z) o XANY oY (N) ,CL3)
XN=N ’
YNI=147XN

CLERAAR SXy 3Y, XY METRICZzCS,
0g 10 I=1,4
SX(I¥=0.,°%
IF{I~30 11+1%910

11 SY(i)=Q.8
SXy(I)=c.?
it CONTINUE

COMPUTE SX(I), SY(L1d, SXY(I).
ol 1¢ I=i44
CC 23 Jd=1l4N

THEN,

IiT

&
W




OO

o

SXCI=Sx (It ix{Ji**1}

IF(I-3) 14,13,13
14 SYLII=SYiIredv(J)**1}

SAY I =S¥ (I # L {XJIF*TI*Y (J))
13 CCOWNTINUS
2 CUNTINUE

Mo

ol el AN TR N O SRSV o

FSAIXAL21*I5 i~ {Sx (31 %Y 2)

14=dSX () *SXL) 1= LS {3 *5X{4))
=X IXT3) =S {20**2)
S3TAIAALPHIX(2 ) = aN¥3K (20}

S (XN¥SX(Z))~1SX{L)**2)

(XN¥SX (L)) =-(SX{2)"%2) :
CANYSZLIIHIS AN *SE31 4+ {SX(2)*5132)
i=l./0EL

(Y

S Urn dAa an

B o WO S AN L

COMPLUTE THE COEFFS OF THE FIRST-CRDER FIT.
BLl=ISXY 1) =IXNTI®*SX {2 *SY(13) )/ (SXL2)= (XN (3X(1)**2)))
Al={SYULL*XNTII-CE1¥(SX (1) *FXNTI)

COMPUTE THE ST CEV OF THE FIRST-CRUER FIT _
SUL=oV a2 =4aANT® {SY {1} * 32 ) ~(BL% (S XY {12~ {ANT®*SX(1)*5Y(2))}))
IF{SOL LE«24E=C5) GO TC 28
SI=SORTLS01/ (XN=~Z4))
GO To ¢é2
21 Il=ig.s

22 CONTINUE

76T



Cr 5

CCMFUTE THE COZFFS OF THE SZCONL-OxCER FIT.
C2=Dot I¥ (S22 SYLLd ) (L 2 SXY UL M) (S21*5XY (20))
B2 LI®L{Scitu®* Sy 1)) +{SaZ2*SxY (1) (SI23%SXY(cYr)
AZ2zDSL I* e {SZLE*SYLLI I+ S22 4*SXY LI & (S132%5XY (2113

COMFUTE THZ ST10 28y CF TrE SECCHNY=-ImIIR FIT.
SOZ=5Y 12 E=(02°SY (1))~ (B2%SXY (1)) = (C2¥SXxYi2))
IF(S0c¢aLzelec=252 CC TO 23
SE=SURT(SOZr7 {XN=3. 1)

GC TO 24

23 SZ=L{.%

2u  CONTINUZ

CHOOSI THE SrALLER STL 4E¥ ANLD STCRE THE CORRESPONDING
IN Ctid,

TF{S2I-52) 1541418
i5 L{tr=£:

Ctzi=ge1
C{3)=0.0
i=94
€0 TC 17
(6 Ciid=Az
C(Z)1=82
L{zr=c2
s=c2

17 &E
N

COEFFS

&
)
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APPENDIX B
FORCE BALANCE DESIGN CALCUTATIONS

The selection of dimensions for the 1lift and drag beams consisted
of only determining the beam thicknesses, the lengths and widths being
dependent on the strain gage dimensions. Selecting & suitable thick-
ness for each heam involved considering hoth the bridge output voltage
and the naturel frequency of the model and its supporting system., For
loads to which the system would be subjected, it was found that the
natural frequency constraint wasg more stringent than any yield stress
considerations. Thus, the calculations of the maximum stresses in the

beams at maximum loading were not undertaken.

Ioad Increments

The sensitivities of the 1ift and drag measurements were dependent
on the smallest load increments which the strain gage bridges could
accurately measure. To select a suitable increment for both 1lift and
drag, the maximum loads that could be expected were estimated and divided
by 100,

For this estimate, Equations (5) and (6} from Chapter X were used.
The values in Table 8 were substitubed into the equations to get the
maximum possible lift and drag loads. Dividing them by 100, the drag

increment (AD) became 0.004 1b., and the 1ift increment (AL) became

0.1 Ib,
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Teble 8. Constants for the Force Balance Computations
Variable Definition Value
p density of air (lb-sece/fth) .00238
v testwsection velocity (ft/sec) 50
s model span (ft) 3.5
c model chord (ft) 75
cD gteady-flow drag coefficient .05
CL steady=flow 1lift coefficient 2.5
AD drag increment (1b) el
AL 1ift increment (1b) .1
Bt Young's modulus for aluminum (lb/ing) 10.6 x 106
ey bridge exciting voltage (volts) 8
m total sprung mass (Ib-sec”/in) 010k
F(1 drag gage factor 110
xz drag gage location (in) .125
83 drag beam length (in) .75
Wy drag beam width (in) 375
hy - drag beam thickness {in) .025
FL 1ift gage factor 2
x: 1ift gage location (in) 1
sy 1ift beam length (in) 3
Wy, lift beam width (in) 5

1ift beam thickness (in) .08
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Drag Bridge Output

The "S" bending beam (Figure 59a), used as the sensing element
for drag, has a point of inflection in its deflection curve at the mid-
point of the beam (48], Thus, there is no moment at that point, and
each half of the beam can be considered independently as a cantilevereds-

»

- free configuration (Figure 59b). The load applied to each beam is a
quarter of the total drag load because there ars four of these beams
supverting the model.

Analyzing the cantilevered-free beam, the bending moment as a

.K.
Tunction of x  is given by
=D ( ") /8 $x s /2 (46)
M, = sd-Ex)/ » 0=x <84

*
The strain at any point, 0 =x = s&/2 s on the beam can then be found,
assuming a linearly elastic material (aluminum) and using the expression

for the moment of inertia of a rectangular cross-section.

lsdl =3 D(Sd - 2x*)/ L Bry vy hi (47)

For a atrain gage bridge with four active arms, the change in

output voltage for any change in strain (Ae d) is
= 14
bey =T, e, ¢, (48)

Substituting into Equation (L48) the change in strain from Eguation (47)

resulting from a change in drag equal to the drag increment (AD),
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* 3
= - I ®
Aed 3F; 8 ma(sd 2 xd)/ b Eyp W B3 (49)

Then, using the appropriate constants from Table 8, the change in bridge
output voltage due to an incremental drag change is found to be 531 micro-
volts. The resulting signsl-to-noise ratio is approximately 11C for a

noise level of 5 microvolts.

Drag 3tiffness

Returning to Figure 59, the deflection per unit load at the

point of load application is [48)
= a3 3
8, sd/ Eyp Wy By (50)
Then, the beam stiffness becomes

- 3.3
Kq = Eng Vg Bi/5; (51)

To compute the natural frequency of this system, it is necessary
to know how the system is sprung, the total stiffness, and the sprung
mass. The weight of the model, spar, and angle of attack disks was
estimated ¢ be four pounds. Figure 59c¢ illustrates how the model was
suppeorted. The stiffness of the entire system iz equal to the sum of the
four drag beam stiffness [59].

_ 3,3
Kas = % By vg B3/sy (52)

‘The natursl frequency of the gystem, in Herty, is then
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£, = J de/mS/ o (53)

Substituting Equation (52) into Equation (53),

- 37.3
Ty = J Eyy W, hy/sy m/m (54)

Then, using the constants from Table 8, the natural freguency was cal-

culated to be approximately 38 Hertz.

Lift Bridee Output

Because of the flexibility of the drag beams, it might be thought
that the lift beam can be idealized as a beam pinned at both ends (Fipure
60a)., From Figure 42, it might also appear that it is built-in at both
ends (Figure 60b). However, neither is correct. Im fact, while it is
possible for both ends to have a finite slope, neither end is completely
free to rotate., The beam can be approximated by placing torsional springs
at both ends of a pinned-pinned beam (Figure 60c), each contributing a
mnoment reaction equal to half of that found in a bean built~in at both

*
ends. The bending moment as & function of % then becomes [50]

My = L(8x - s,)/32 , 0=x %5,/ (55)

The strain at the point of gage application, assuming a linearly

elastic material, is then

%
eyl =3 L(8x, - 5,)/26 8, w, ne (56)
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Using the expression for a four-active~arm bridge similar to Eguation
(8), and substituting the change in strain due to an incremental 1ift

change (AL).
_ 8 * 1€ 2
ley =3 Fy e, AL (Bxy - s{’)/ Enp Wy By (57)

Substituting into the right-hand-side of Equation (57) from Table 8, the
1ift bridge incremental output is found to be 44 microvolts, giving a

signal=to=noise ratio of approximately 9§ for a noise level of 5 microvolts.

Lift Stiffness

Using the same boundary conditions that were used to compute the
1ift bridge output, the deflection of the beam center per unit load

is [50]
b, =5 s3/32 By vy 1 (58)
The beam stiffnegs is then
- 3/ 3
K =32 B, w, /5 sy (59)

As shown in Figure 60d, the model is supported in such a way as

to make the stiffness of the system twice that of & single beam [49],
K{,g. = 64 Eyy ¥y, h;Z’/s si (60}

The natural frequency in Hertz ig then written as
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£y = b J By p Wy hi/ 5 si mS/Tr {61)

Again wsing the constants from Table 8, the 1lift natural fregquency is
computed to be 56 Hertz.
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