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FOREWORD

This report describes the results of a test programs vhich vas per-
formed by Sikorsky Aircraft under Contract DA Lk=1T77-AMC-203(T), Task
1F16220L4A13903, with the U. §. Army Aviation Materiel Laboretories. The
test program in this report vas performed in conjunction vith a separete
investigation of rotor wake charscteristics and yav effects on rotor per-
formance, which vas carried out under the same contract. The vork of this
contract was monitored for USAAVLABS by Mr. Patrick Cancro.

The test planning, analysis, and discussior pertaining to the rotor
transient investigation presented in this report vere the work of Wr.
Lawrence J. Bain. The similar tasks vhich pertained to the asrcvelastic
instability portion of the test program vere carried out by Mr. Charles F.
Niebanck.
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INTRODUCTION

ROTOR TRANSIENT CHARACTERISTICS

Heiicopter response to control inputs depends on the rotor blade
behavior during and following the input. If the control input is rapid,
blade response .ay become greater thau that experienced during the steady-
state conditions before and after the transient. In addition, the sudden
application of a control change may trigger a rotor instability if that
tendency exists because of rotor operating condition or blade configura-
tion. The time required to reach a steady-state condition folloving a
control change in some indication of the time required to reach s steady-
state condition following a shaip gust disturbance. Experimental infor-
mation on transient behavior of a rotor demonstrates the suitability of
that aspect of rotor operation for a particular configuration, and aids in
the development of theories for the calcu.ation of rotor transient
response.

The method reported in Reference 1 can, in principle, provide a
theoretical prediction of rotor response tc a transient, and this cap-
ability was utilized in Reference 2. Rotor transient airloads vere also
investigated as reported in Reference 3. One of the basic obstacles to
obtaining transient control input rotor data in the wind tunnel has dbeen
the lack of a sufficiently fast-acting control system. The control
transients applied during this test program vere essentially complete
after approximately one-fourth of a revolution.

Samples of the transient data obtained during this test program vere
compared vith theoretical data vhich vas calculated by the method of
Reference 1. The transient behavior of the dynamically scaled rodel vas
measured at simulated forvard speeds up to 300 knots with and vithout
pitch-flap .oupling. A variety of control inputs vere investigated, in-
cluding pure collective inputs, pure cyclic inputs for various amounts of
longitudinal and lateral flapping, and varisus combined cyclic and collec-
tive inputs.

AEROELASTIC INSTABILITY

The operation of new rotor designs and the penetration of unfamiliar
rotor operating regimes require that careful attention be given to rotor
blade aeroelastic behavior in general, and especially to the possidility
of catastrophic instabilities.

In order to predict rotor blade aerocelastic behavior, various theo-
retical methods have evolved. Confident use of these theories requires
that suitable test results be obtained to verify the calculated behavior.
Sufficiently detailed test results also provide invaluadble guidance for
the improvement of the theories.

The aercelastic theories of rotor blade instability vary widely in
camplexity. Reference 4 describes a simple torsion-flapping static
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stability analysis. Reference 5 contains the far more elaborate develop-
ment of a fixed-azimuth flutter analysis which is mathematically similar
to a fixed-wing analysis. The method of Reference 6 considers the time-
varying coefficients in the Llade differential equations of flutter
motion. Finally, the method of Reference 1 is a timevise, step-by-step
integration of the complete blade equations of motion.

A comparison of the fixed-azimuth flutter theory calculation with
earlier test data and with some calculations by the method of Reference 6
appears in Reference 5.

The use of a dynamically scaled model appears to offer the best set
of compromises for the experimental study of rotor instability, since the
destruction of the model vill not result in a loss of personnel or
aircraft.

The test program and resulting data that are described in this re-
port demonstrate the operation of the fully articulated rotor for extreme
conditions. Previously developed discrete-azimuth blade seroelastic
stability theories for torsional divergence, classical flutter, and stall
flutter are described. The results of applying these theories to the
dynemically scaled model are presented and compared to the behavior of the
model during the test.

During the testing, a number of violent instabilities were encoun-
tered, vhich may not be suitable for analysis vith discrete-azimuth
theories. These instabilities arose suddenly, vith no perceptible varning
from blade stress or motion measurements that an unstadble condition vas
about to be encountered.



DESCRIPTION OF MODEL

GENERAL

The Sikorsky Aircraft Compound Helicopter Model is a generalized
configuration suitable for a transport compound helicopter. The model
scale is considered to be one-eighth of full size, representing an air-
craft of approximately 40,000 pounds gross weight. Figure 1 depicts the
model mounted in the 18-foot UARL Wind Tunnel for previous tests., In the
test program described in this report, the model configuration consisted
of the rotor and the fuselage only, Figure 2 is a dimensioned three-view
draving of the model. It is important to note that the rotor, rotor drive
system, and rotor control system vere all mounted on a six-component strain
geage balance, vhich was itself mounted on the basic keel structure of the
model. The entire model vas rigidly supported through the keel structure
on a single main support strut and a pitch atrut.

ROTOR SYSTEM

The dynamically scaled 9-foot-diameter model rotor that was tested
to provide the data described in this report was of a conventional artic-
ulated type, with both flapping and lag hinges. The four untwisted blades
had a 0.353-foot chord, which resulted in a solidity (o) of 0.100. The
coincident flapping and lagging hinge vas located at a fractional radius
of 0.0555. The lag hinge vas restrained by a viscous damper, which was
set at a damping constant of 1.39 foot-pound-seconds. The blade airfoil
section was NACA 0012. Provision was made for the adjustment of blade
pitch-flap coupling angle (§3). This parameter was set at 45 and 0
degrees for the transient testing, and at 0 degrees for the instability
testing.

FUSELAGE

The fuselage was a streamlined fiber glass shell which was mounted
independently to the basic keel structure of the model. A separate fuse-
lage strain gage Lalance vas available for measuring fuselage aerodynamic
loads, although this capability was not needed for this test program. The
fuselage frontal area was 1.25 square feet, and the total fuselage length
wvas 9 feet.

DRIVE SYSTEM

The rotor was powered by a variable-speed 19-horsepower electric
motor, through a transmission which provided a speed reduction of approx-
imately 13.5 to 1. The rotor speed could be set at any desired value
within the motor power limitations.



CONTROL SYSTEM

Rotar cyclic and collective pitch angles were remotely controlled by
the model operator through an electrically controlled hydraulic servo
system. The cyclic and collective pitch were applied to the blades
through a conventional swash plate mechanism, which was controlled by
three actuators. The motions of the three actuators were automatically
coordinated so that the motion of the corresponding dial on the model
control console applied lateral cyclic pitch (Ajg), longitudinal cyclic
pitch (Byg), or collective pitch (8.). The control console was furnished
with two sets of the above three control knobs, which can be termed the
basic and transient increment controls. The basic controls were applied
to the model immediately as the dials were moved. The settings of the
transient increment knobs were automatically added to those on the basic
controls by turning on a control switch. This made it possible to
suddenly apprly a control increment by setting the transient increment
knobs, and then turning the control switch on. The transient control
switch was duplicated as part of an automatic system to be discussed under
the heading "Test Procedure and Initial Observations". This automatic
system was necessary to coordinate tape recorder operation and transient
application at a constant blade azimuth angle.

BLADES

General Description

The dynamically scaled blades were fiber glass replicas of typical
full-scale construction, similar to those described in Reference 8.
Figure 3 is an exploded view showing the blade construction and external
dimensions.

For the purposes of this test program, the chordwise center of
gravity of tane blades was changed from the normal 75 percent chord to the
30 percent and the 35 percent chord position. The blade leading edge
counterweights could not be removed from the existing blades, so an alter-
nate method had to be used to alter the center-of-gravity position.

The most practical method for accomplishing the center-of-gravity
position change was found to be the cementing of individual steel weights
along the trailing edge of each "pocket". The weights measured 2.22
inches in the spanwise direction, 0.46 inch in the chordwise direction,
and were 0.02 inch thick. The weights were cemented to the lower sur-
face of the trailing edge to move the center of gravity to the 30 percent
chord position, and to both the upper and the lower surface to move the
center of gravity to the 35 percent chord position.

The blade Lock number was 5.84 for the blade with the center of
gravity at the 25 percent chora position. For the blades with the 30
percent and 35 percent chord center-of-gravity positions, the Lock numbers
were 5.43 and 5.03 respectively.



The blade-distributed mass and ctiffness piroperties are shown in
Figures 4 and 5. The addition of the trailing edge weights resulted in
only a small change in hlade mass per inch of span. The torsional mass
mament of inertia was changed significantly, with a corresponding decrease
in torsional frequency. Since the weights were attached individually to
the nonstructural pockets making up the aft portion of the blade, they had
a negligible effect on blade stiffness.

Digcussion of Blade Dynamic Scaling

The blade flapwise, chordwise, and torsional stiffnesses were scaled
so that they were one-fourth as stift as geometrically similar blades
built of aluminum. The blades were weighted so that their mass was equal
to the mass of the aluminum blades. This resulted in blade natural fre-
quencies which were one-half those of the aluminum blades. Operation of
the fiber glass dynamically scaled rotor at an arbitrary condition simu-
lated the operation of the aluminum bladed model rotor at rotational and
forward speeds twice as high. This simulation included most of the rotor
parameters which have a strong effect on aeroelastic behavior. The forces
and accelerations were approximately one-fourth those of the aluminum
model at the simulated condition. Velocities and frequencies were approx-
imately one-half those of the simulated condition, and displacements were
approximately the same. Reynolds and Mach number effects were not in-
cluded in the simulation. The use of the reduced-stiffness model greatly
expanded the regime of possible rotor operating conditions which could be
reached within the wind tunnel limitations. The model power required was
also approximately one-eighth that required for full-scale opnerating
speeds.

The effect of dynamic scaling on various rotor parameters is sum-
marized in Table I. The dynamically similar blades whose prcperties are
listed in Tatle I are the fiber glass blades vsed for this test, and an
aluminumn blade of equal size and mass properties but with four times the
elastic stiffness. They are related to a hypothetical full-scale aluminum
prototype, geometrically similar to the models, with a size scaling factor
S with respect to the models. These results have been obtained by using
recognized dynamic scaling theory, as discussed in Reference 8.

Natural Frequencies and Mode Shapes

The uncoupled flapwise bending, chordwise bending, and torsional
natural frequencies and modes were calculated. The calculated uncoupled
natural frequencies are presented as a functicn of rotor rpm in Figures 6,
T, and 8. The results are shown for the three blade center-of-gravity
configurations. The addition of the trailing edge weights had a very
small effect on the bending natural frequencies and an appreciable effect
on the torsional frequencies. The calculated flapping and lagging natural
frequencies about the blade hinges were 1.0LL4 and 0.309 cycles per revolu-
tion respectively. The addition of the trailing edge weights had a neg-
ligible effzct on the flapping and lagging natural frequencies. The first
uncouplcd flapwise bending, chordwise bending, and torsional zode shapes
are plotted in Figures 9, 10, and 1l1. The trailing edge weights had, as



expected, a very small effect on the uncoupled bending mode shapes and a
negligible effect on the torsional mode shape.

The effect of flapwise-torsion coupling on the natural vibration of
the blade was studied by using the uncoupled natural modes in the blade
classical flutter program. 1In order to study the naturul vibration of the
blade with the flutter program, the air density was set ut an infinites-
imally small value. The output of the flutt~r program wes & nev set of
natural frequencies, with inertial coupling considered. The modes corre-
sponding to these frequencies were calculated as linear combinciions of
the input uncoupled mode shapes. Expressing this concept mathematically,
a coupled modal flapwise deflection at an arbitrary fractional radius is
given by

W (x.t)-[

n

(x) + o (x) + qrhnUFL(x)]COSunt (1)

Uy ¥pr (%) * Qpop e Fin"F3

In a similar fashion, the torsional deflection at an arbitrary fractional
radius is given by

Ben(x,t) =‘=[qeln WTl(x) * Qoo H,r2(x)] COSw, t (2)

Note that all the natural modes have at least a small amount of both flap-
wise and torsional motion when coupling is present. The subscript n in
the above equations refers to a particular coupled mode.

The frequencies of the coupled modes are given in Table IIl; note
that the coupled modal frequencies are quite close to the uncoupled msodal
frequencies.

The contributions of each uncoupled mode to the coupled natural
modes are given in Table III for the blade vith the center of gravity at
the 30 percent chard. Also shown in Table Ill are the corresponding
resultant blade tip motions. Similar results are given in Teble IV for
the blade with the center of gravity at the 35 percent chord. The last
two columns in these tables are the blade tip motion amplitudes during
natural vibrations. Note that “he modes are normalized to a flapvise tip
vibration of approximately 1 inch or a torsional tip vibration of ) radian

The flapwise and chordwise natural frequencies increase markedly
wvith rotor RPM, vhile the torsional natural frequencies are affected very
slightly. This familiar result causes torsional and certain flapvise
modal frequencies to be equal at certain rotor rotationsl speeds. When
coupling is present, as in the blades used for this test, the relative
amounts of flapwise and torsional motion in a given mode will change
markedly as the rotor speed for equal flapvise and torsional frequency is
approached. This {s evident {n the resultt presented in Tables III and
IV. Operating the rotor at a speed for a flapwise and torsional mode of
equal frequency could conceivably result in unfavorable coupling and a
tendency to flutter. It is also possible that favorable coupling may
exist, with a reduction in blade vibration.



Stgtgc Testing
Stat b

Each of the instrumented blades used in this test vas supported
as a cantilever, knovn static loads vere applied in the flapvise and
chordvise directions, and the tip jeflection vas noted. The blades
vere then loaded vith kaown torsional couples, and the blade tvis‘-
ing deflection vas observed. This procedure related knovu losds to
cantilever tip deflections. The calibretion vith respect to the
strain gage dbending and torsional bridges ves conveniently carried
out by applying knovn cantilever deflections and by observing the
output of the {nstrumentation. By using the load-deflection rele-
tionship, the output of the strain gage instrumentation vas related
to local blade bending and tvisting msoments.

St t Nat n

The structural damping, static natural frequencies, and hinge
bearing friction of the model blades vere determined by test on the
nonrotating blades. The information vas odtained by hanging the
blade vertically on its bearings in the rotor head, vith the lag
damper disconnected. A vidbratory force ves applied vith a variable
frequency pulsating air jet. Frequency ves varied and the dlade
response noted by monitoring strain gage output oo an oscillograph.
Yhen a resonant peak vas encountered, the air jet vas i{nstante~
necusly interrupted, and the decay of vidrations vas recorded on the
oscillograph. Frequency and structural damping valurs vere obtained
from the decay records. As indicated on the results tabulated {n
Table V, data vas not obtained for all the listed moles of each
blade tested. Enough data vas odtained to permit evaluation of the
effects of structural damping on the vind tunnel test results.
Comparison of the test frequencies vith the calculated static fre-
quencies in Table Il shows that satisfactory agreement exists. The
blad» hinge bearing friction under light load vas obtained by record-
ing the decay of blade motion as {t vas alloved to sving on its
bearings {n the rotor head, vhile suspended vertically. Examination
of the decay records shoved that blade pendulum motion suddenly
ceased vhen the amplitude decayed to & certain level, indicating
that damping vas of a Coulomdb rather than a viscous type. Following
the blade owing tests, similar tests wvere performed with the blade
replaced by a pendulum loaded vitl. various weights. The redius of
gyration of the loaded pendulum was approximately equal to that of
the blade, so that all pendulum tests were carried out at the same
frequency. Practical considerations did not permit loading the
pendulum to the equivalent of centrifugal force at full RPM, but the
loadings used vere sufficient to establish the bearing friction
coefficient. Folloving the pendulum tests, the blade flapping
bearings were removed fram the rotor head and mounted in a special
fixture, vhich permitted blade swing tests in the same set of dbear-
ings in the flapwise and chordwise directica. This final test vas
performed to demonstrate whether or not aerodynamic damping had any
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appreciadble effect on the static blade damping tests. The resuits
of the blade sving and pendulum tests are presented in Figure l12.
The effective Coulomd friction torque vas calculated from the decay
records by uvaing the known blade mass properties and by assuming
that all changes in amplitude vere caused by classical Coulomd
friction.

The blade damping data obtained for the nonrotating case must be
considered in terms of its effect on the rotating blade. The
primary affect of dblade rotation i{s to greatly reduce the signif-
fcance of structural damping on blade flapping and bending modes.
Yor this reason, the ccatter evident {n the blade static damping
measurements can be considered unimportant. This subject vill be
discussed {n greater detail under the report subheading on classical
flutter.

Relstjonship of Fiber Glass Bigde
Losdings to & Elade Stresses

The extreme fidber stresses vere measured for knovn bending
scments on a gecs-trically similar aluminum model blade, and the
torsional stresses vervw neasured at spar mid-chord for knovn tvist-
ing couples. These stresses vould be the same on a geometrically
similar full-scale prototype S times larger than the model, under
bending moments and twvisting couples 8) times as large. The similar
loads applied to the fiber glass model to produce the rame bending
and tvisting deflections are one-fourth those applied to the
aluminus model. This provides an equivalence relationship betveen
fidber glass model bending and tvisting moments and model and full-
scale aluminua blade stresses under dynamically similar operating
conditions. Thus, 60 inch-pounds of flapvise moment on the fiber
glass model corresponds to 10,000 psi stress on the aluminum blades.
Similarly, 125 inch-poundr of chordvise moment and 85 inch-pounds of
torsional moment correspund to i0,000 psi stress.



TEST /ROCELURE AND INITIAL OBSERVATIONS

In addition to sctual data points, each vind tunnel run consieted of
calibration records, static tero points, and dynamic zero points.

Prior to the start of eanch vind tunnel run, & series of calidretion
records vas automstically placed an each magnelic tape date channel. The
soeries consicted of a record of tecro electrical inpet, @ record of known
electrical {nput vaich corresponded Lo & transducer output for e known
physical quantity, wnd a record o transducer output fros the sodel vith
the rotor staticnary end tne vind tunsel off. ln later discussions of
date reduction, these calibretion rec.rds vill be referred w as "ZCAL",
"RCAL", and "XCAL" records reepectively.

When the calibration records vere complete, the stetic zero points
vere obtained. These vore data records taken vith the sodel rotor
stationary and the vind tuanel off. Fo) ceses vhere model angle of attack
vas to be varied during the run, static zeros vere taken at positive,
2ero, and negative angles of attach. Thesc data vere 'sel primarily to
provide veight tare corrections for rotor talance dsta reduction.

Folloving the stetic zero points, the roor vas trought up to speed
and the dynamic zero points vere taken. These data vere taken vith the
vind tunnel off and the rotor at zero cyclic and collective piteh. Under
these conditions, blade flapping, bending, and torsicnal loauings vere
connidered zero. The dynamic zero data provided a physical zero reference
for most of the data channels.

After the dynamic zero vas odbtained, the vind tunnel vas turned on
and the actual data points vere taken. At the coaclusion of the run, s
final dynemic zero, a second set of static zeros, and s second set of
calibration records vere taken.

During the test, telected dynamic data channels vere monitored on an
oscilloscope to determine that blade moment limits vere not exceeded. All
dynamic channels could also be displayed on an osci{llograph for oun-line
operational checking. Provision vas also made for on-line frequency
analysis of dynamic data. It vas expected that inspection of successive
on-line spentra would reveal i{ncipient instability before dangerous con-
ditions vere reached. In practice, it wvas found ‘hat dangerous insta-
bilities could be encountered very suddenly. In mos* cases, no appreci-
able excitation of the incipient unstable mode vas present before the
dangercus condition was entered. The on-line frequency analysis equipment
did indicate that certain expeczicd [requency responses were actually
occurring.



TRANSIENT TESTING

The phase of the wind tunnel tests during which the rotor blade
transient response data were obtained involved variations of the following
operational parameters:

Parameter Range of Variation
Pitch-Flap Coupling tan 63 = 1.0, 0.0

Forward Speed " v, = 120, 200, 300 knots
Shaft Angle of Attack ap = -8, -4, 0, 4, 8 degrees
Collective Pitch ' 6, = 0 to 12 degrees

First Harmonic Flapping a1g = -8 to +U4 degrees

byg = -4 to +2 degrees

Seventy-nine separeste conditions were used as initial operating points.
The parameter settings for these points and the corresponding final oper-
ating points are listed in Table VI. The rotor speed-forward speed com-
binations tested are shown in Figure 13.

During this phase of the tests, two different data acquisition pro-
cedures were followed. At normal steady-state conditions, rotor and
tunnel parameters were set, and the magnetic tape system was manually
activated and automatically shut down after a prespecified recording time
determined from the rotor speed. The record lengths were normally 5 to 10
seconds. Following the magnetic tape shutdown, the rotor balance data
were manually recorded from Baldwin SR-4 strain indicators. A specially
designed automatic system was used to actuate the magnetic tape system
during the transient conditions. The functions of this system are
described in step 9 below. The experimental procedure followed for each
of the 79 sets of test points was as follows.

1. The initial stcady-state operating condition was established,
and dyramic and rcotor balance data were taken in the normal

wvay.

2. The transient increment controls for A6,, AAjg. and AB;, were
set for zero increment.

3. The transient control switch was turned on.

L. The test final operating condition was established by slowly
dialing the transient increment controls.

5. Dynsmic and rotor balance data were taken in the normal way,

and the settings of the transient increment controls were
recorded
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6. The transient increment controls were returned to zero
increment, reestablishing the initial steady-state condition.

7. The transient control switch was turned off.

8. With the transient increment controls deactivated, the settings
recorded in step 5 were redialed. The rotor operating condition
remained at the initial steady-state condition.

9. Control vas transferred to the automatic system that:

(a) activated the magnetic tape system

(b) paused 3 seconds while the initial steady-state
dynamic data were recorded

(¢) turned on the transient increment controls which were
activat-d by the next zero rotor azimuth signal

(d) shut down the magnetic tape system after a pre-
specified recording time

10. PRotor balance data for the post transient steady-state
condition were recorded from the strasin indicators.

For each of the transient conditions, the rotor was observed to
reach its final state rapidly and smoothly.

INSTABILITY TESTING

Advancing Blade Aercelastic Limit

Each of the blade configurations was operated at a simulated rota-
tional tip speed (Q R) of 700 ft/sec. The collective pitch was left at a
constant setting, vhile rotor first harmonic flapping was kept at zero by
using cyclic pitch. Data were taken at successively higher tunnel speeds,
as shown by the upper rows of points in Figure 14. In the case of the 25
percent chord and 30 percent choré center-of-gravity configurations, the
tunnel speed was limited by excessive model vibration. (Figure 35 shows
sample data from this part of the test. The superimposed time history of
torsional response for two successive revolutions is shown.) In the case
of the 35 percent chord center-of-gravity configuration, the tunnel speed
wvas limited by a violent rotor instability, which appeared suddenly as
speed was being increased without any discernible warning from on-line
monitoring equipment.

The tunnel speed limits for the 30 percent chord center-of-gravity
blade and the 35 percent chord center-of-gravity blade were alsc found in
a similar manner at a simulated rotational tip speed (QgR) of 500 ft/sec.
With the 30 percent chord center-of-gravity blade, the tunnel speed was
again limited by model vibration. Another violent instability was en-
countered with the 35 percent chord center of gravity. In this case,
seemingly stable operation wac obtained at the actual condition of
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instability, and data were taken before the sudden onset of violent
nonharmonic blade motions and high stresses. Time history data of blade
loadings and motions were obtained with the on-line oscillograph just
after tunnel power was terminated. (These data appear in Figure 46.)
Post-test analysis of the data taken immediately before this incident
showed a relatively small amount of random nonharmonic blade motion and
stress.

Retreating Blade Aercelastic Limit

The three different blade center-of-gravity configurations were
operated at high tunnel speed, and aata was taken at constant collective
pitch and zero first harmonic flappirg for successively lower rotaticnal
speeds, as shown by the right-hand vertical rows of points in Figure 1L.
Advance ratios (Vg/QgR) of approximately 1.4 were reached at a simulated
forward speed of 328 knots with the 25 percent chord and 30 percent chord
center-of-gravity configurations. The limitation to further reductions in
rotational speed was due to increasing torsional stress. (Figure 34 shows
sample data from this part of the test. The superimposed time history of
torsional response for two successive revolutions is shown.) Coupled
flapping and lagging motiors at a frequency of 0.25 cycle per revolution
were noted during post-test data reduction for the highest a. vance ratios
reached. These motions were small but growing rapidly with increasing
advance ratio when the blade torsional stress limit was reached. The
cyclic pitch requirements for the removal of blade flapping at the higher
advance ratio conditions were large enough to cause the rotor to operate
in a negative lift condition.

The 35 percent chord center-of-gravity configuration blade was
operated at a simulated forward speed of 232 knots during this phase of
the testing, and an advance ratio limit of approximately 1.6 was reached,
with further decreases in rotational speed limited by impending loss of
control.

It should be noted that the retreating blade aeroelastic limits for
all three blade configurations were encountered in a gradual or "soft"
manner, and no dangerous blade motions or stresses were experienced in
this phase of the testing.

Stall Flutter

The 25 percent chord and 30 percent chord center-of-gravity blades
were operated at simulated speeds of 120 knots, lil knots, 168 knots, and
200 knots. The simulated rotational tip speed (QgR) was kept at T00
ft/sec, and blade first harmmonic flapping was kept at zero by usinzg cyclic
pitch. At each speed, data were obtained at successively higher collec-
tive pitch settings. Moderately high torsional stresses were encountered,
but no dangerous or stress-limited conditions were encountered. The
maximum collective pitch of approximately 12 degrees was defined by control
system limitations. (Figure 43 shows sample data from this part of the
test. The superimposed time history for two successive revolutions is
also shown.)
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The behavior of the 35 percent chord center-of-gravity blade vas
again dramatically different from the other two configurations. Attempts
to raise the collective pitch past 7 degrees at a simulated forward speed
of only 120 knots and a simulated rotational speed of T00 ft/sec resulted
in still another violent instability. Time histor: deta of blade loadings
and motiuns were obtained with the tape recorder as the wind tunnel was
shut down. (These data appear in Figure 47.) Data taken at the same con-
dition with a collective pitch of 5 degrees showed no evidence of impend-
ing instability, either from the standpoint of stress or motion amplitude
or from the results of frequency analysis.

Combined Stall Flutter and Advancing Blade Aercelastic Limits

The 25 percent chord and 30 perceni chord center-of-gravity blade
configurations were operated at fcrward speed and rotational speed com-
binations encountered during the Advancing Blade Aeroelastic Limits test-
ing previously described. Blade first harmonic flapping was again kept at
zero. The collective pitch was raised as far as possible at each speed,
and data were taken.

This phase of the testing was generally limited by the cyclic pitch
avelilable from the rotor control system. It was possible to operate the
rotor with zeroc blade first harmonic flapping at a collective pitch as
high as 10 degrees at a simulated forward speed of 330 knots. The 30
percent chord center-of-gravity blade did encounter stress limitations at
simulated speeds higher than 290 knots. The testing of the 35 percent
chord center-of-gravity blade was very restricted for this phase, with
collective pitch limited to 5 degrees for the prevention of instability.

Flapping Limits

Each of the blade center-of-gravity configurations was ouwerated at a
simulated forward speed of 180 knots, constant collective pitch, and zero
first harmonic flapping. Data were taken at successively lower rotational
speeds, as shown by the left-hand vertical rows of points in Figure 1,
until rotcr response to control changes became excessively sluggish. All
blade configurations behaved similarly for this part of the test. No
discrete frequency subharmonic motions were discernible, although random
variation. in blade flapping motion were present. Advance ratios of
approximately, 1.6 were reached during this part of the test.

Combined Flapping and Retreating Blade Aercelastic Limit

The 25 percent chord and 30 percent chord center-of-gravity blade
configurations were operated at gradually increasing simulated forward
speeds between 180 and 328 knots, as shown by the lower rows of points on
Figure 1L. At each tunnel speed, the rotational speed was reduced until
control response was excessively sluggish or blade stress was becoming too
high. Collective pitch was kept constant, and blade first harmonic
flapping was kept at zero. The two blade configurations behaved in
similar fashion during thi: phase of the testing. The highest advance
ratio reached with the rotor ccntrollable was approximately 1.91, at a
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simulated forward speed of 258 knots. At a simulated forward speed of 280
knots and an advance ratio of 1.94, control of the rotor was actually
lost, and a retreating blade nearly struck the fuselage. Control was
immediately regained by bringing up rotational speed.
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DESCRIPTION OF DATA AND DATA REDUCTION

MEASURED QUANTITIES

Tunnel Parameters

The barometric pressure, tunnel test section to setiling chamber
differential pressure, and tunnel settling chamber temperature were
recordecd manually.

Model Parcameters

The rotor rotational speed, shaft angle of attack, control console
dial settings, first harmonic flapping resolver output, and rotor balance
output were recorded manually.

Dynamic Data

The positions of two of the three swash plate actuators and the
collective follower positions were measured to define swash plate motion.
Blade flapping and lagging motions were measured at the respective blade
hinges. Blade flapwise and chordwise bending moments were measured at 30
percent and 60 percent of the rotor radius, and blade torsional moment was
measured at 1€ percent and 35 percent of the rotor radius. These data
were recorded on the F.M. magnetic tape recorder. Additional data
supplied to the magnetic tape were a zero azimuch signal, which occurred
when the instrumented blade passed over the tail of the model, and a 60+
per-revolution sample command signal, which was electronically doubled for
off-1line analogue to digital conversion.

RCTOR PERFORMANCE DATA

Signals from the six-element rotor balance were manually recorded
from Baldwin SR-4 Precision Indicators (Type L-50). Wind tunnel parameters
were also manually recorded. These data were transferred to punched cards
and reduced and tabulated by a UNIVAC 1108 digital computer. The data
reduction program, using appropriate wind tunnel operating parameters,
resolved the balance data into six wind-axis forces and moments. Force
data were corrected for the effects of gravity, and wind tunnel corrections
based on the methods described in References 9 and 10 were applied. The
blockage correction to velocity was less than 2 percent of the wind tunnel
velocity, and the wall correction to angle of attack was no greater than
0.5 degree. Rotor head aerodynamic lift and drag tares were removed from
the reduced data, and all forces and moments were converted to coefficient
form and tabulated.

Rotor operating conditions and performance for each data point of
the program appecar in Tables VI through IX. Each transient case gave rise
to three rotor performarce readings as discussed in the Test Procedure.
The first of these was a reading taken for the initial steady state. The
second vas a reading of the final steady-state condition entered with the
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controls moved slowly. The third reading was taken after the transient
input had taken place ana the rotor had reached its final steady state.
In the tables, these points are called "initial", "test final", and "post
transient” respectively.

DYNAMIC DATA

The dynamnic data included rotor control motions, blade motions, and
blade moments. For the rurposes of this test program, it was necessary
to observe and evaluate a very wide range of nossible rotor frequencies.
Rotor lag motions at a frequency as low as 0.20 cycle per revolution were
of interest, and theoretical calculations in Reference 4 indicated that
torsional frequencies as high as 1l cycles per revolution might ozcur. 1In
order to evaluate the lower frequency motions, approximately 50 rotor
revolutions of data were recorded for steady-state data points. Transient
data points included an initial steady state as well as a transient, and
approximately 100 rotor revolutions of data were recorded for each trans-
iert point.

The dynamic data were recorded on F.M. magnetic tape and were con-
verted off-line to digital form. The analogue to 1igital converter
sampled each of the chanr:1s at ‘he rate of 120 samples per revolution, in
order to make certain that high-frequency motions were properly defined.
The digital data for each test point started at a zero azimuth signal.

The 120-per-revolution sampling rate was higher than necessary for some
data channeis. Using a lower rate for certain channels would have re-
quired an additional setup .nd additional processing time for the analogue
to digital conversion.

During the progress of the test program, on-line monitoring revealed
failure of various data channels. Repairs were made and data points were

repeated vhen possible. The data obtained were sufficient to fulfill the
objectives of the prosranm.

Time History
Blade Load and Motion Dats

Each time history value (Wp) at the various azimuth angles was ex-

pressed in terms of physical units by using the following expression:

Wp = Rg (UT-UQ) + Fc (3)
WR-Wo

wvhere

Rc = A constant of proportionality, expressed in engineering units

Wn = Average of digital tape values fram the "RCAL"
calibration record for the wind tunnel run
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Wy = Average of digital tape values from the "ZCAL"
calibration record for the wind tunnel run

Wy = Average of digital tape values from the dynamic
zero record for the wind tunnel run

Fo = Optional correction value in physical units

“T = An individual data value cn the digital tape

The above calculation was performed by the digital computer for each
individual data value cf a time history for each data channel in
each wind tunnel data point. Program opticns included selectable
data points and channels. The time history samples extended from a
selected startiny zero azimuth signal to a selected ending zero
azimuth signal. All time histcry samples for a given wind tunnel
data point were selected with the same starting zero azimuth signal.
The azimuth spacing of data values in the time history listing was
selectable for multiples of 3 degrees. Extreme maximwa and minimum
values were read from the time history samples for each data channel
available tor each wind tunnel point. These values appear in
tabular form in Appendix II. Detailed computer listings of time
history samples for each transient and each instability data point
are available at USAAVLABS.

Machine plotting of the time history data was utilized to permit the
examination and evaluation of the large amount of data generated by
this program. The transient data were plotted starting at the
second zero azimuth signal before the onset of the transient and
continuing until 5 complete revolutions were included. The 5-
revolution sample length was chosen to present the most interesting
portion of the entire transient time history record. 1ln all

cases, the rotor reached a representative steady-state condition in
this interval. Some of the data channels did exhibit random vari-
ations between successive rotor revolutions even after a steady
state condition had been reached. This was especially true for the
blade torsional response data. Since the transient time history
sample used to prepare the tables in Appendix II was loanger than 5
revolutions, and because of occasionally appreciable raadom vari-
ations in the steady~state data, the maximum and minimum values
listed there do not always appear on the plotted samples.

When the time history samples were plotted and analyzed, the time
scale vas expressed in a manner that would aid in the iaterpretation
of the results In the case of the transient data, the time scale
vas selected . terms of rotor revoluiLions. The last pre-transient
steady-sta‘e rotor revolution was represented by the -1 to 0 rev-
olution interval. The command signal to the rotor control system
for a sudden input took place at 0 revolution. At this time the
instrumented rotor blade was passing over the tail of the model.
Measurable response of the control system Legan at an azimuth angle
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of approximately 60 degrees and was essentially complete at approx-
imately 150 degrees of the 0 to 1 rotor revolution. The remainder
of the transient response was expressed in terms of succescaing rotor
revolutions. (Samples of the transient response plots appear as
Figures 18 through 33.) The instability test data were generally
presented as a two-revolution sample, plotted against azimuth angle,
except for a few cases where it was d-osirable to show a longer
sample. The plots of the two-revolutior. samrles were superimposed,
8o that the possible presence of nonharmonic frequency comvonents
would be more apparent. (Samples of these plots appear as Figures
34 through 45.) Note that the usual symbols making up each in-
dividual observation in the time histories have been deleteid for the
sake of clarity. The observations were taken at an azimuth angle of
0 degrees and continued at a spacing given by the parameter \y
supplied for each plot.

Control Position

The reduction of control position data required special provisions,
since the desired swash plate position could not be measured
directly. As mentioned under the MEASURED QUANTITIES subheading,
the extension of two of the three swash plate actuators (E; and Ep)
end the collective follower position (E3) were measured. The
desired A;; and Bjg cyclic pitch inputs were determined from the
neasured quantities by using the following expression:

Als Qu1 U2 Q37 (E1
{Bls} = [Q2l Qo2 Q23]{32} (k)
8o 0 0 Qg3d lE5

The values of the Q;4 above were determined experimentally. Time
history values of E;, Ep, and E3 were calculated by the program
using Equation (3). The above calculation was carried out by the
program for each azinuth angle of the control system transients to
convert Ey, E;, and E3 into the desired Ajg» Bigs and 6, control
positions.

Frequency An sis

The frequency analysis used to study the data of this program is
essentially the same as the familiar Fourier analysis. Usually, dynamic
data are assumed to be periodic with respect to a rotor revolution. 1In
this case, however, the presence of much lower frequencies is admitted.
It can be shown that the Fourier type analysis can supply sufficiently
accurate results for arbitrary frequencies of interest, provided these
frequencies are high enough compared to the assumed fundamental.

As a startiag point for the discussion, let it be assumed that a
time history segment of data extending from time t = 0 to an arbitrary
time 2T exists, and that it can be represented in that interval with
practical accuracy by a series of the type

18



Wp(t) = £ ry Cos (w t + ¢p) = Z[am Cos wpt + by Sin wmt] (5)

vhere m takes the values of the integers.

Letting Wp(t) be represented in the form of Equation (5), the
following integrals may be evaluated as in the formation of the usual
Fourier coefficients:

27T
1l _ Sin 2 (up=w)T Sin 2 (wptw)T
TB[ Wp(t) Cos wtdt = z[am( o + z(wmm%’m? )
- b (Cosz(mm.w)'r - Cos2(wp+w)T _ 1 _ ! )]
m 2(%.m$fr 2(wm+wjﬁ 2(wp=w)T 2(ym+y)T (6)

2T
Cos 2(w- wp)T Cos 2 (w+wp)T i
1l [wWp(t) S dt= - (—(——Tm— + -
T'o[ LR z[am 2(w-wp)T 2(whuy )T 2lw-wp)T

1 Sin 2(wp-w)T - Sin 2(wptw)T

- o)) * b ( Sa-Elym 2logra)T )] ()

When whwy, certain terms in the above series have the following
limits:
Wy 2Zwm-w;'r
Cos 2(w-wm)T 1
L - =0
| Pt - )

When the Fourier analysis is carried out in the usual way, Wp(t)
contains only a fundamental frequency wj. Then the interval 2T is chosen
as the period of the fundamental frequency. In this case,

pRE s (10)

and the expressions Tquation (6) and Equation (7) become the following
with w chosen as an integral multiple n of w):

T
1 [Wp(t) Cos nwytdt = ¢ (Sin 2_‘.?'_“)." Sin 2§m*n2n)
Efn 1 : o 21m-nw + 2(m+n )
(o]
- b (Q‘(’Eﬂ.‘"rn)." , Sos2(men) 1 1
m\2(m-n)n 2(m+n)w 2(m-n)s - 2(n+n)w) (11)
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ar
i L Cos 2(n-m)m Cos 2(n+m)™
%fwn(t) Sin nwytdt = 2 [- am(?ﬁv‘l + _?(F'én-)'ﬂ’_L
0

i o o (Sin2(m—n)1r Sin2(m+n)1r)
2(n-m)m 2(n+m)7r) m\2{m-n)r = 2(m+n)r (12)

It can be seen that all the terms of the series (11) and (12) vanish
except for the terms where n = m.

This gives the familiar definition of the Fourier coefficients:

2T

8 = %fWD(t) Cos (Egl)dt (13)
0,7

b, = %fwn(t) Sin (i",‘r'—")dt (14)
0 or

1

a, = 57 [Wp(t)at (15)

o

It should be noted that for application to rotor frequency analysis,
the above results will still be rigorously corresct for the determination
of components at rotor harmonic frequencies, if the interval 2T is chosen
as an integral number of rotor revolutions.

Results similar to Equations (13), (14), and (15) can be obtained for
arbitrary frequencies as well as for the integer multiples of the funda-~
mental, if the interval length 2T is sufficiently long. This can be seen
from inspection of Equations (6) and (7). The denominators of all temms
grow with 2T, while the numeratcrs are of order unity, unless for some
term uw*uy. For these terms, as (w-wy)T approaches zero, the results
shown in Equations (8) and (9) will be obtained. It is therefore desired
+hat the other terms should be s3mall compared with unity.

If the lowest frequencies of interest are approximately 1.26 radians
per revolution (0.20 cycle per revolution), terms like 1/2(wyp+w)T are
approximately equal to 0.01 for T of 25 revolutions.

The way in which terms such as Equations (8) and (9) approach their
limits affects the accuracy of the frequency analysis in a manner which is
more difficult to assess. As utwp, Equation (8) approaches its limit in
an oscillatory manner and is non-zero vhen (wm-w)T is not an odd multiple
of n/2. Therefore, the analysis vill not be accurate for arbitrary fre-
quency components which are sufficiently close together. This limitation
is also controlled by the size of the interval T. With T = 25, the
amplitude of the oscillation of the term on the left side of Equation (8)
is 0.02 when (wp-w) is 0.97 radian per revolution (0.16 cycle per
revolution).
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For the application of the above considerations to this program, the
digital computer program calculated time history values Wp as in Equation
(3) for a selected channel. The interval over which the values were cal-
culated was selectable between any two zero azimuth signals. The azimuth
spacing of the values was also selectable as a multiple of 3 degrees. The
integrals on the left-hand side of Equations (6) and (7) were computed
numerically for a specified list of frequencies. Then the resultent
amplitude was calculated as the square root of the sum of the squares of
the two integrals. The expenditure of computer time for frequency
analysis was minimized by choosing shorter analysis intervals for higher
frequencies and larger azimuth increment spacing for the lower frequencies.
The analysis for rotor frequencies of less than one per cycle utilized an
azimuth spacing of 12 degrees and an interval of 50 revolutions. The
analysis for rotor harmonics used an azimuth spacing for Wp of 3 degrees
and an interval of 10 revolutions. The operation of the frequency
analysis program was checked by analyzing a record containing a signal of
arbitrary frequency. The numerical procedure was also checked by deter-
mining the known irequency components of a square wave. Additional chacks
were made by comparing the results of the on-line frequenc,s analysis made
during the wind tunnel test.

The frequency analysis was used to provide harmonic components of
all available dynamic data from the instubility portion of the test.
These results are presented in tabular form in Appendix III.
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DESCRIPTION OF THEORETICAL CALCULATIONS

NORMAL MODE TRANSIENT ANALYSIS

The Normal Mode Transient Analysis is a step-by-step timewise
integration of the elastic rotor blade equations of motion. The analysis
uses rotating blade natural vibration modes as elastic degrees of freedom.
The use of these orthogonal or "normal" modes gives rise to the designa-
tion "Normal Mode Transient Analysis". As used in this investigation, the
aerodynamic loadings were determined by quasi-steady strip theory, with
the effe~ts of aerodynamic stalling, drag, and torsional moment included.

When a steady-state rotor condition is being analyzed, the integra-
tion proceeds in small but finite timewise steps from an arbitrary start-
ing value. After a number of rotor revolutions, the predicted motions
will become cyclic within a desired tolerance. This is the usual solution
desired, and performance, load, and stress calculations are usually based
on these cyclic motions. On the other hand, the prediction of rotor
behavior following a disturbance is a basic capability which was utilized
for the purposes of this investigation.

The basic differential equations used in the Normal Mode Transient
Analysis are presented in Reference 1.

The calculations for the rotor transient conditions were carried out
by first establishing the theoretical counterpart of the experimental
initial condition. It was found possible to obtain satisfactory correla-
tion with respect to blade shaft angle and first harmonic flapping by
acrepting small deviations between measured and calculated Cp/c and con-
trol position. These deviations were less than 0.005 for Cp/c and 1
degree for B), and 6,. Deviations of 3 degrees in Ajg were experienced at
the 120- and 250-knot simulated speed conditions without pitch-flap cou-
pling. Otherwise, the Ay discrepancy was also less than 1 degree.

When the calculated initial condition was established, the measured
control position time history was introduced into the calculations. A
sample time history of a typical control change is shown in Figure 15.
Rotor behavior was calculated for at least 3 full revolutions after the
control input. Additional revolutions were calculated if there was any
doubt that the rotor had reached a steady-state condition.

FIXED-AZIMUTH AEROELASTIC INSTABILITY THEORIES

In recent years, the availability of .-ore advanced computing equip-
ment has facilitated progress in methods for predicting rotor blade
behavior. The wore sophisticated methods, such as the previously de-
scribed Normal Mode Transient Analysis, provide information of useful
accuracy for conventional rotors operating under ordinary conditi.as. It
is advantageous, however, to develop simpler and more rapid methods to
investigate specific idealized types of aeroelastic instability. These
simpler methods are intended for the rapid definition of problem areus
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during the preliminary design stages for new aircraft. The three fixed-
azimuth aeroelastic theories described in the following subsections were
developed with this objective in mind, and were used to calculate theo-
retical data for comparison with the test results generated by this

program.

Fixed-Azimuth Torsional Divergence

One of the basic aeroelastic investiguations applying to fixed wings
is the torsional divergence analysis, as explained in Reference 1l.

Consideration of the torsional divergence phenomenon for a fixed
wing leads to an examination of similar situations existing for helicopter
rotors. Obviously, unlike a flight condition for a fixed wing, the rvel-
ative velocity on a rotor blade varies along the span. In forward flight,
the velocity distribution is rapidly and continuously changing. There-
fore, the static stability analysis for torsional divergence applies only
to an instantaneous condition for a helicopter blade in forward flight.

The torsional divergence situation for a helicopter blade usually
develops on the retreating blade for advance ratios greater than unity.
The blade is then traveling backwards (sharp edge first) through the air
for part of each revolution, and the aerodynamic center of pressure moves
close tc what is normally the 75 percent chord position. This producecs a
large torsional moment arm about the blade elastic axis and center-of-
gravity position at or near the normal 25 percent chord position. Hence,
torsional divergence can be encountered for the retreating blade even
though the relative velocity is comparatively low. If the blade center
of gravity is aft of the aerodynamic center of pressure on an advancing
blade, torsicnal divergence can, of course, occur tnere as well.

The torsional divergence analysis used to generate the stability
boundaries shown in Figure 14 is essentially a two-degree-of-freedom
static stability analysis, which is fully described in Reference L, The
first torsional natural vibration mode and the rigid blade flapping mode
were used as these two degrees of freedom. Aerodynamic 1lift was assumed
to be proportional to blade twisting deflection and dynamic pressure
calculated from the local relative tangential velocity. Aerouynamic lift
was assumed to be the only aerodynamic effect present. The distributed
1ift force was assumed to act at the 25 percent chord for forward flow
and at the T5 percent chord for retreating blade reverse flow. The
virtual work done by the aerodynamic force was calculated for the flapping
and torsional modes. The aerodynamic virtual work was set equal to the
virtual work done against centrifugal =ffects aid the change in torsional
strain energy. The result was two coupled linear homogeneous equations in
the flapping and torsional degrees of freedom, whose determinsat was eval-
uated. Combinations of forward speed and rotational speed were found for
which this determinant was zero. The loc¢i of these points are the
torsional divergence boundaries appearing in Figure 1i. Boundaries were
esteblished at the 270 degree azimuth position and, in the case of the aft
center-of-gravity blades, at the 90 degree azimuth position. Note that
the boundaries sloping down to the right are fcr the advancing blade,
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wvhile those sloping up to the right are for the retreating blade.

Fixed-Azimuth Classical Flutter Analysis

The classical flutter phenomenon for fixed wings has been studied
for many years, and is discussed in detail in Reference 1l.

As with the torsional divergence analysis, it is natural to attempt
to apply the fixed-wing classical flutter analysis to the heiicopter rotor
blade. In forward flight, however, the relative velocity at the blade is
constantly changing, instead of remaining constant with time. In addition,
the velocity varies along the span, and there are multiple nonplanar blade
wvakes.

In order to convert the rotor blade classical flutter problem to a
form basically similar to the fixed-wing flutter problem, a number of
simplifying assumptions are required. The most important of these is the
assumption that aerodynamic forces appropriate to a discrete azimuth can
be used in the equations of motion to determine the blade flutter char-
acteristics in that azimuth region. The other simplifying assumptions
include consideration of small displacements, consideration of the blade
as a series of two-dimensional strips, and zero steady-state blade twist,
collective and cyclic pitch, and lag angle. The important centrifugal
effects present on a helicopter blade were carefully considered in the
development of the equations of motion. The aerodynamic effects were
calculated by using fixed-wing, two-dimensional, compressible-flow flutter
coefficients obtained from the previously existing literature. As usual
in flutter analyses, natural vibration modes were used as degrees of
freedom. Further details and development of this flutter analysis are
contained in Reference 5.

The classical flutter analysis predicts the frequency and damping of
blade aeroelastic vibrations for a series of desired rotor operating con-
ditions. When a flight condition is found for which the damping of any
aeroelastic m~de is negative, a flutter condition has been predicted. The
locus of flight conditions fsr which the damping of a particular mode is
zero lies between regions of positive and negative damping, and is termed
a flutter boundary. -

The flutter analysis was applied to the model blade, with rigid
blade flapping, the first three flapwise bending mcdes, and the first two
torsional modes considered as degrees of freedom. Structural damping was
shown by test to be small, and was neglected. The 90 degree and 270 degree
azimuth locations were used to determine advancing and retreating blade
boundaries. As with the torsional divergence boundaries, the advancing
blade boundaries slope down to the right end the retreating blade bound-
aries slope up to the right.

The results of the calculations fulfilled qualitative expectations.
The 25 percent chord center-of-gravity blade displayed no advancing blade
flutter boundary, even at advancing blade velocities well above those to
be tested. The similar calculaticns for the aft center-of-gravity blades
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predicted advancing blade instability at speeds well below the advancing
blade torsional divergence speeds. The flutter mode was principally com-
posed of rigid blade flapping and blade twisting, at a frequency samewhat
below the torsional natural frequency.

The calculated flutter behavior at the 270 degree azimuth position
was similar for all three configurations. The predicted retreating blade
flutter boundary was at speeds just below the predicted retreating blade
static torsional divergence boundary. Furthermore, the flutter mode con-
sisted almost entirely of torsional motion and was of a low frequency.
Thus, the flutter and static torsional divergence solutions tended to be
equivalent at the 270 degree azimuth position.

The frequency and damping of the calculated fixed-azimuth flutter
modes are plotted in Figure 16 as a function of simulated forward speed at
a nunber of constant rotational tip speeds. The rate of decrease of damp-
ing with forward speed is rapid as the line of zero damping is reached, so
that structural damping can have little effect. This can be appreciated
by using the classical simplified relationship g=2f{¢r between structural
damping coefficient and critical damping ratio. If structural damping is
g = 0.02, for example, & viscous damping of ;op=-0.01 is required to
establish neutral damping. This would shift the calculated fiutter
boundary by 2 sinulated knots or less.

It should be pointed out that the rotating blade tlapwise and chord-
wise structural damping ratio is even smaller than the measured static
values. This is a result of centrifugal effects, which greetly increase
blade effective stiffness without introducing eny additional damping.

The structural damping of the rotating blade natural modes was estimated
by using the results of the previously described static damping tests in
the flutter program with zero air density. The effects of Coulomb hinge
damping on the apparent structural damping coefficient depend on the
flapping amplitude. The Coulom® damping effects are large for very small
motions but decrease sharply for motions observed in practice. The
effects of Coulomb damping were included in the rotating blade damping
calculations by assuming a rerresentative amplitude for the flapping mode.
This amplitude was 0.1 degree at the flapping hinge. The Coulomb damping
coefficient was added to the stiuctural damping obtained by using the
static modes with the measured frequency and damping in ‘he flutter pro-
gram with zero air density. The total estimated structural damping for
the flapwise and torsional modes of the 25 percent chord center-of-gravity
blad2 is given in Table X for three rotational speeds. The structural
damping of the other two blade configurations is of a similer magnitude.
The stractural damping is, as mentioned previou..y, too small to have any
appreciable effect on the fixed-azimuth flutter calculations.

The classical flutter calculation also provides information as to
the participation of the input modes in each of the modes of neroelastic
vibra*lon. The motion of any point on the blade elastic axis is given in
real form by the expressions
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If « # 0, the above represent damped oscillations, which have a
critical damping ratio given by

.. (18)

The calculated flutter modes for some selected operating conditions
are detailed in Table XI. The last four columns are the resultant motions
at the blade tip, normalized with respect to the largest flapwise modal
amplitude and phase. 1In terms of the nomenclature of Table XI, the tip

motions during the various conditions are
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The damping (gop) and frequency (w/2m) of the flutter modes are
given in Figure 16.

Fixed-Azimuth Stall Flutter Analysis

The aerodynamic hysteresis effects resulting from the vibration of .
an airfoil through the stall angle can give rise to the single-degree-of-
freedom instability known as stall flutter. The mechaniam of this insta-
bility results from the tendency of the airfoil to remain unstalled while
it is pitching up, and its tendency to remain stalled while it is pitching
down. The stalled airfoil pitching moment is negative about the blede D
torsional axis and is almost zero when it is unstalled. Thus the air-
stream will do work on the blade torsional vibration mode, and small
amplitudes will tend to grow larger. A more detailed discussion of stall
flutter is given in Reference 12.
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The aerodynamic aspects of stall flutter have not beern suitable for
a strictly analytical study, since unsteady, viscous, and sometimes com-
pressible flow effects are involved. Experimental studies reported in
Reference 12 have, however, provided two-dimensional date on unsteady,
stalled flow which are the basis of a useful blade stall flutter analysis.
Pressure measurements on a vibrating airfoil were converted to aerodynamic
damping coefficients dependent on mean angle of attack and reduced fre-
quency. These coefficients were negative for mean angles of attack near
the stall. The stall flutter analysis assumes & hypothetical torsional
vibration in the first natural mode and frequency. Then, the aerodynamic
torsional damping is calculated for a series of two-dimensional chordwise
strips at a selected azimuth angle, using the damping coefficients derived
from the experimental data. The damping of the strips is integrated to
give an aerodynamic damping coefficient for the whole blade. The process
is repeated for azimuth angles at seiesrted intervals. The mean angle of
attack for each chordwise strip and azimuth angle was obtained from cal-
culations using the method of Reference L applied to the model blade. The
quasi-steady effects of blade stall and blade twisting were considered in
these preliminary calculations, which were carried out with the assumption
of a uniform inflow. The rotor parameters and calculated performance for
the stall flutter analysis conditions are given in Table XII. The calcu-
lations for the rotor conditions of Table XII provided distributions of
angle of attack and Mach number with respect to blade radial station and
azimuth. These results were used in the stall flutter analysis of
Reference 12, and the variation of blade damping with azimuth was calcu-
lated. The blade damping parameter Easq resulting from the Reference 12
calculations was converted into blade critical damping ratio in torsion by
using the following relationship:

2 3 2 (1+p Cin )2 =
L,, = Plo BY 2% (it L™ (21)
Rt g 3

The generalized mass (Mp) of the torsional mode was 1.185 x 1o'h siug-ft2.
The results of the blede damping calculations, converted into critical
damping ratio, are shown in Figure 17.
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ANALYSIS OF TRANSIENT DATA

The transient response of the rotor system to sudden control changes
wvas measured at T9 rotor operating concitions. As described in the Exper-
imental Procedures section of this report, each transient condition in-
cludes data at three test points: the initial steady state, the test
final steady state, and the actual transient condition. The rotor per-
formance data for each of the test points are listed in Table VI, and the
measured maximum and minimum values of blade motion and bending moments
are listed in Tables XV and XVI. ) :

In general, the rotor system was well behaved during the transient
conditions. The rotor blades usuallvy attained the final steady-state
condition within three or fcur revclutions, without excessive overshoot of
flapping or blade bending moments. Time histories oi rotor blade flapping
and lag motions and flapwise bending and torsional moments are presented
in Figures 18 through 29 for twelve representative conditions.

EVALUATION OF ROTOR BLADE TRANSIENT RESPONSE AT 120 KNOTS

The blade lag motion at a forward speed of 120 knots, shown in
Figure 18, exhibits three distinctive characteristics: a high harmonic
frequency component, a first harmonic frequency component, and a highly
damped subharmonic motion. The high-frequency response persists at all
the 120-knot conditions, but always e¢ an amplitude of one-half degree or
less. This response is unaffected by rapid changes in the rotor control
settings. The first harmonic lag motion evident in the measured data
varies with the rotor operating condition in a manner similar to the
variation in rotor blade flapping, with larger first harmonic flapping
corresponding to larger first harmonic lag motiosn. The third character-
istic is the appearance of a damped subharmonic response, at approximately
one-third cycle per revolution, on the introduction of the rapid control
change. The magnitude of this response is related to the rate of change
in first harmmonic flapping response resulting from the control change.
The sutharmonic response is a reaction of the natural rigid body mode of
the blade to a disturbance and, as such, exhibits a larger amplitude with
a larger disturbance. The size of the disturbancz is reflected in the
resulting change in rate of change of flapping.

The rotor b)ade flapwise bending moments at the 120-knot initial
steady-state conditions are primarily governed by the first =lastic modal
response of the blade occurring at a frequency of 3 cycles per revolution,
ac seen in the experimental data presented in Figure 19. The calculated
natural frequency of the first elastic flapwise mode ir 2.75 cycles per
revolution. In the case of the lateral flapping transient, Figures 19(4d)
and 19(e), no significant change in flapwise bending moments occurs with
or without pitch-rlap coupling. Figures 19(b) and 19(c), F-wever, present
data fram two transient conditicus, one with and one without pitch-flap
coupling. In each of these cases a collactive pitch change of A8, = 4.0
degrees takes place, and a change in harmonic content as well as an in-
crease in amplitude occurs. The moment increase occurs duriag the first
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and second rotor revolutions following the pitch change, and then a final
steady-state condition is reached in which the peak-to-peak moment has
returned to a value near that of the initial condition. During the tran-
sient, the second elastic uode of the blade comes into play at a frequency
of 5 cycles per revolution. The calculated natural frequency of the mode
is 5.23 cycles per revolution. The first mode becomes dominant again when
the final steady-state condition is reached. The appearance of the higher
elastic mode is, similar to the subharmonic lag motion response, a rapidly
damped natural mode response to the disturbance. As expected, the
presence of the pitch-flap coupling moderates the flapwise bending momer.t
response during and following the transient.

The flapping response during the transient conditions at 120 knots
exhibits no unusual behavicr. As expected, the presence of the pitch-flap
coupling results in a smaller flapping response to the collective pitch
change, and the final state is reached more rapidly. It is notable that
this state is reached within one revolution with the pitch-flap coupling
and in only two revolutions without it, even though the flapping amplitude
is twice as large. As mentioned before, this rapid attainment of the
final steady condition was characteristic of the entire spectrum of test
conditions. Representative flapping transients at 120 knots w'e shown in
Figure 20.

The rotor blade torsional moments, presented in Figure 21, exhibit
the most significant response to the sudden control inputs. With the
pitch-flap coupling altsent, a large-amplitude oscillation with a high 5-
cycle-per-revolution content occurs immediately following the control
change. This oscillation damps out somevhat as the final steady-state
condition is reached, so the peak moments occur within one revolution
after the control change. Comparison of the signature of this response
with that of the corresponding flapwise bending moment time histories
indicater a similarity in harmonic content. With a calculated torsional
ratural frequency of 6.2 =zycles per revolution at this operating con-
dition, flapwise-torsional coapliang with a frequency in the S5-to 6-cycle
per revolution range would be exnected with the introduction of pitch-flap
coupling. It might also be expected that the torsional oscillation in-
duced by the rapid control canange would be damped through the absorption
of energy in the “lapwise mode. Such a damping effect is observable in
Figure 2i(b).

The transient torsional moments shown in Figures 21(a) and 21(c)
have a signature which characterizes stall flutter. The two conditions
considered represent heavily loaded states, Cp/o :* 0.1, where such a
response would be expected. In the case involving a change in first
harmonic lateral flapping, it can be found by comparing points in Table XV
and XVI that the introduction of negative by, flapping, as shown in Figure
20(b), induces a more severe torsional oscillation than does the intro-
duction of positive b;, flapping. It is not obvious, without a much more
extensive analysis, w'y this i{s the nature of the phenomenon, but through-
out the 120-knot test conditions, the same trend is evident both in the
presence and absence of pitch-flap coupling.
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CORRELATION OF ROTOR BLADE TRANSIENT RESPONSE AT 120 KNOTS

On comparing the experimental aata with thecretical transient blade
responses, several noteworthy items are observea which would not appear in
a comparison of purely steady-state results. First, the appearance of the
subharmonic lag motion is predicted. The piecise degree of correlation is
dependent on the accuracy of the calculated flapping motion, which is a
measure of the relative severity of the theoretical disturbance. The same
is true of the first harmonic lag motion correlation. The theoretical re-
sults are compared to the experimental data in Figure 18. The degree of
flapping correlation is related to the change in rotor lift resulting from
the rapid control change. Figure 20 shows that the calculated flapping
emplitude following the lateral cyclic pitch change compares well with the
experimental data, although in the case without pitch-flap coupling, an
error of approximately 1 degree in the coning angle and a phase error of
about 30 degrees are present. In these cases, the rotor 1lift does not
significantly change during the transient. At the other two ccnditions
shown, the rotor lift is increased by 46 percent as a result of the con-
trol change, and the calculated flappirg response, which does not reflect
the change in inflow associated with the lift change, overshoots the ex-
perimental values by as mucl: as 100 percent. In addition, it is see» that
the theoretical case with pitch-flap coupling attains steady state as
rapidly as the corresponding experimental response, while the theoretical
case without pitch-flap coupling does not attain the final state until 5
or 6 revolutions following the transient. It is also seen in both cases
that the calculated coning angle is too low, reflecting the pre-transieut
inflow value. In line with the analysis of these data and in agreement
with the investigation reported in Reference 3, it would be expected that
updating the rotor inflow during the transient computations would sub-
stantially increase the degree of correlation of the flapping responses
and consequently that of the lag motion responses.

The torsional response calculations show the remaining item peculiar
to the transient responses. Figure 21 reveals that the calculated response
does not exhibit any of the retreating blade oscillation experienced by
the tested blade. In the case of the lateral flapping change, the calcu-
lated torsional moment does not respc:d to the control input. Following
the collective pitch change, the calculated torsional moment reaches a
more negative peak on the retreating azimuth angles, but lacks the proper
response frequency. Two characteristics can be identified from the com-
parison of the calculated torsional moment with the experimental data. It
is first seen that the calculated torsional moment breaks downward at a
lower azimuth angle than the experimental moment, implying 2 breakaway in
the blade pitching moment at a lower angle of attack. This is in agree-
ment with the difference in the characteristics of the two-dimensional,
quasi-steady airfoil characteris*ics used in the theory and oscillating
airfuil characteristics as des:ribed in Reference 12. The second char-
acteristic i indicated by tre large damping of the calculated response
relative to that of the measured results. This effect is also in accord
with the difference between steady and unsteady airfoil performance. The
incorporation of unsteady serodynamic effects in the theory could be ex-
pected to {mprove the degrec cof correlation of ‘orsional maments.
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The further comparison of the theoretical and experimental transient
hlade responses at 120 knots reveals some items worthy of mention but not
peculiar to the existence of the transient condition. First, the high
harmonic content of the lag motion does not appear in the theoretical re-
sults. In the absence of chordwise bending moment data for these oper-
ating conditions, the source of the high-frequency lag response cannot be
specifically determined, and consequently no explanation as to why this
response is not predicted can be offered. The steady lag angle predicted
by the theory is seen to be low by au amount related to the magnitude of
the angle or, correspondingly, the rotor torque. Such a discrepancy was
not unexpected, since the initial rotor operating conditions were theo-
retically determined by specifying lift, control angles, and first har-
monic flapping rather than by rotor performance alcne. Consequently,
theoretical values of rotor drag and torque deviated somewhat from the
measured values.

The second aspect of the general comparison of the 120-knot responses
is the lack of consistent correlation of the flapwise bending moments.
The calculated moments generally lack the correct harmonic content. At
the operating conditions under consideration, it would be expected that
the inclusion of wake-induced velocity effects would improve the flapwise
bending correlation. However, without an improved prediction of the tor-
sional response as discussed above, complete agreement between measured
and calculated flapwise moments, at the operating conditions considered
here, is unlikely.

Finally, the qualitative effect of the pitch-flap coupling is ad-
equately handled by the theory, although at the 120-knot conditiouns this
is not as critical to the overall degree of correlation as the effects of
inflow and unsteady aerodynamics.

EVALUATION OF ROTOR BLADE TRANSIENT RESPONSE AT 200 KNOTS

The blade lag motion responses at the 200-knot conditions exhibit
essentially the same characteristics as those at 120 knots. The 200-kn.t
responses are presented in Figure 22. The subhammonic and first harmonic
components induced by th: rarid control change and the higher harmonic,
small-amplitude oscillations are all present. The higher harmonic com-
ponents now exhibit a lower frequency, primarily 4 cycles per revolution,
than was seen at the 120-knot conditions; but as before, they are not
noticeably affected by the control changes. The observed U-cycle-per-
revolution frequency would imply that this motion is a response to first
mode chordwise bending of the rotor blade. The calculated natural fre-
quency of this mode is 3.75 cycles per revolution. The first and sub-
harmonic lag components are seen tc vary in relation to the change in
first hamonic flapping following the control change and are thus affected
by the presence or absence of pitch-flap coupling.

The rotor blade flapwise moment responses, shown in Figure 23,
consist primarily of a third hamonic component through the entire tran-
sient sequenc.. This is evidence of the first elastic flapwise mode
response. Although the harmonic content does not clange as much at these
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conditions as at the 120-knot conditicns, the peak-to-peak moments dixing
the revolutions immediately follcwing the control change show the increase
over the steady-state values that was seen at 120 knots. This is also
evident from maximum-minimum flapwise moment data presented in Tables XV
and XVi. As exrected, the ultimate flapwise moment response is more
severe in the absence of pitch-flap coupling, although the maximum values
are attained more slowly. Comparison of the flapwise moment transients
between the two operating conditions considered at 200 knots indicates the
effect of pitch-flap coupling to be greater for the combined collective
and cyclic pitch change than for the pure collective pitch change. Com-
parison of the transient flapping motions from Figure 24 shows the pitch-
flap coupling effect to be greater for the collective pitch change than
for the combined pitch change. This would indicate that the energy enter-
ing the flarping mode because of the pure collective pitch change is
transmitted to the elastic modes when tane flapping response is controlled
with cyclic pitch. Comparison of rotor performance changes resulting

from the control inputs in question offers some clarification of the flap-
wise bending response. Table VI gives the rotor lift and drag ccefficients
of the 200-knot conditions without pitch-flap coupling. For the combined
pitch change, the rotor lift is increased by 50 percent to yicld a final
CL/o of 0.075 while the rotor drag remains small, Cp/c less than 0.001.

In the pure collective pitch change case, Cp /o doubles, reaching a value
of 0.105; while the drag, significant to begin with, also doubles, CD/o
reaching a value of 0.0126. Full-scale wind “unnel data reported in
Reference 13 indicate that increasing lift at constant, low drag will
result in a significant increase in flapwise stress, while a similar 1ift
increase accompanied by a large drag increase will not result in a partic-
ularly large stress increase.

As previcusly mentioned, the flapping response at the 200-knot con-
ditions presented in Figure 24 exhibits two characteristics. In the com-
bined pitch change case, the amounts of first harmonic flapping prior to
and following the control change were prespecified, so the differences
between the steady states of the cases with and without pitch-flap coup-
ling are the result of different higher harmonic compositions. In the
motions shown, the amplitude difference amounts to approximately 0.5
degree. The effect of the pitch-flap coupling is to cause the flapping to
undershoot slightly before reaching the final steady state. In response
to the collective pitch change at 200 knots, the expected flapping motlions
occur. The first harmonic flapping amplitude increases from 0.0 to 1.5
degrees with the pitch-flap coupling and to L.T degrees without pitch-flap
coupling. As with the similar transients at 120 knots, the final steady
state is reached sconer with the pitch-flap coupling present. In both of
the conditions shown in Figure 2L, the higher harmonic flapping seen in
the initial state is not significantly affected by the control change,
although it rnecessarily is a smuller percentage of the total flapping irn
the final state.

The torsional mozent transicnt responses at 200 knots, presented in
Figure 25, are somevhat simi{lar {n character to those exazined at 120
knots, although certain diferences do exis:. I[n general, the auxi{zum
torsionsal moment amplitude persists {nto the final steady-state condition
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rather than being confined to the transient revolutions as before. An
exception to this can be seen at points 16 and 19 of run 53 presented in
Table XVI. In these two cases, the transient torsional moment does exceed
the steady-state values. However, it is seen that both the initial and
final steady-state conditions represent relatively severe conditions in
terms of torsional meoment amplitude. Table VI shows that these are low-
drag, high-power conditions. Full-scale wind tunne’ data precented in
Reference 13 show that the torsional moment sensitivity does increase with
decreasing drag at the levels of rotor lift considered here. It is also
evident from the torsional moment data presented in Table XVI that the
moment amplitudes are increased with the increase in forward speed from
120 to 200 knets. At both speeds, nevertheless, the harmonic content of
the torsional moment is similar, and the effect of the pitch-flap coupling
is also similar. It is worth noting from Figure 25 that the two responses
without pitch-flap coupling as well as the two with iL are very similar in
spite of the difference in rotor operating conditions and control changes.
This effect is consistent with the nature of the stall-induced torsional
oscillation. The onset and quenching of the oscillation occur in the same
general azimuth region for a wide range of conditions. The oscillation
itself is governed by the dynamic characteristics of the rotor blade. The
reduction of the torsional moment response by the pitch-flap coupling is
again evident, but the mechanism through which this is accomplished is not
immediately obvious. The coupling of flapwise and torsional modes may
rlay a role in this effect. Harmonic analysis of the final steady-state
data from point 22 of run 60 and point 1l of run 54 show, however, that no
marked difference in the harmonic content of the flapwise moment is
present, even though there is a 50 percent reduction in the amplitude o’
the fifth and =ixth torsional moment harmonic components for the case vwith
pitch-flap coupling.

CORRELATION OF ROTOR BLADE TRANSIENT RESPCNSE AT 200 KNCTS

Only one basic difference exists between the degree of lag motion
correlation at 200 knots and that at 120 knots. In the 200-knot case, the
Lb-cycles-per-revolution higher-harmonic response does appear in the theo-
retical results, although at a small amplitude. The theoretical chordvise
bending moment response at the conditions considered contains a dominating
fourth harmonic component, giving support to the suggestiun that the
measured higher harmonic lag motion is a response to the chordvise elastic
deflection of the blade. Other than this, the theoretical and experi-
mental motions display the first harmmonic and subharmonic components that
would be expected from the analysis of tre 120-knot results. The effect
of the pitch-flap coupling is also qualicutively similar,

The =most significant df fference in the correlation ¢f the 200-knot
conditions relative to that at 120 knots i{s the laprovement in the theo-
retical flapwise bending moments. This is not surprising wvhen it is con-
sidered that the flapvise response at the conditions iu quees%ion is pri-
marily first elastic mode bending. In all caces shown in Figure 23, the
calculated initial steady-state flapwvise moments agree much tetter with
the measured values than vas the case at 120 xnots. The consisteat dis-
crepancy betveen the calculated and measured transient results is seen to
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be too little theoretical outboard mament and too much theoretical inboard
moment. This is mos®. evident {n the ccses without pitche-flap coupling.
The implication of this discrepancy is that the second elastic flapwise
mode iz overexcited in the theoretical analysis., The final steady-state
moments in point 1k of run 54 further confirm this, as the theoretical
results obviously contain a larger S-cycle-per-revolution component than
the measured response. [t is not clear that improvin. the treatment of
the transient inflow with azimuthal variations induced by wake effects, as
discussed wvith regard to the 120-xnot correlation, would result in &
higher degree of flapwise moment correlation. It is more likely, since
the experimental response consists primarily of the natural response of
one blade mc.le, that consideration of the time variation of uniform i{nflow
would yield an improved flapwise mament correlation.

As in the 120-knot cases, the qualitative effect of the pitch-flap
coupling is adequately predicted by the theory. At 200 knots, this effect
is more significant in terms of reducing peak-to-peak blade bending
moments than was true at the lower speed; however, as will be seen below,
it still maintains an important role with respect to reductions in the
torsional moments.

Considering the rotor blade flapping response to the ~ ouined
collective and cyclic pitch change, comparison of the mot! . shown in
Figures 2i(a) and (b) reveals that the calculated trans‘ .. flapping con-
tains an excess of second harmonic t'lapping and a defj._ency of first
harmonic flapping. Because second harmonic flapping is a function of
rotor inflow (for example, see Reference 1l), it can be expected that
incorporation of a transient uniform inflow in the analysis will improve
the flapping correlation in this case as well as in the case with only a
collective pitch change. This case, shown in Figures 2i(c) and (d),
exhibits an excessive theoretical first hamonic flapping similar to the
results discussed at 120 knots.

As in the case of the 120-knnt torsional responses, the compariscn
of calculated and measured torsional moments at 2C0 knots, presented in
Figure 25, shows a low degree of correlation. The nature of the dis-
agreement at this forward speed is essentially the same as that discussed
for the 120-knot cases. The early downward break of the calculated moment
and the excessive damping of the calculated response both result from the
use of quasi-steady aerodynamic thecry in the theoretical analysis.

EVALUATION OF ROTOR BLADE TRANSIENT RESPONSE AT 300 KNOTS

The lag motion data presented in Tables XV and XVI show that the
control changes introduced at 300 knots result in only small lag motion
changes. The time histories presented in Figure 26 indicate the nature of
the transient lag response. The reason for the general lack of response
stems from the fact that the control changes were generally smaller at
this forward speed and were introduced at unloaded rotor conditions,

CL/0 = 0.01. These limitations were imposed by the sensitivity of the
flapping and the flapwise and chordwise bending moment at this forward
speed.
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Flapvise moment responses are presented in Figure 27, In each case
considered, the flapvise moments increasec vith the control change. As
vith the transients at the lover forwvard speeds, the pitch-flap ocoupling
causes & more rapid convergence to the final state. In the cases having
only collective pitch change, it should be noted that although the final
flapvise moments are nearly equal, the control change vas L degrees vith
the pitch-flap coupling and 1 degree vithout it. No other effects
peculiar to the flapwise transient responses are evident from the data in
Figure 27.

The transient flapping respouse shown in Pigure 28 (s similarly vell
behaved. The last revolution in each time history seample {s typical of
the time histories of all succeeding revolutions. As before, the pitch-
flap coupling results in a more rapid convergence to the final steady-
state condition. In addition, the third harmonic flapping, associated
vith the first mode elastic bending, is seen to persist throughout the
transient in the presence of the pitch-flap coupling,vhile wvithout {t the
third harmonic flapping is noticeably suppressed. The longitudinal flap-
ping transients shov no unusual characteristics.

The torsional responses at 300 knots appear in tvo characteristic
forms. At some operating conditions, the torsional moment response is
not unlike that presented in Pigure 25 for the 200-knot operating con-
ditions. Figures 29(a) and 29(b) show two such cases. Although there
are similarities betwveen the signatures of these time histories and those
examined at 200 knots, the 300-knot amplitudes are much saaller. In
addition, the retreating blade oscillations are more rapidly damped than
in the 200-knot cases. The other characteristic torsional response is
seen in Figures 29(c) and 29(d). In these cases, a single large peak
moment occurs on the retreating side of the rotor disk. This behavior is
characteristic of impending torsional divergence.

Significantly different torsional moment transient behavior is
observable following each of the two types of control changes considered
in Figures 29(c) and 29(d). In the case of the forward longitudinal
flapping increment, the transient response is not substantially different
from the initial steady-state condition either in signature or in smpli-
tude. On the other hand, the aft longitudinal flapping increment notice-
ably changes the character of the torsional moment. Not only is the
amplitude reduced, but the overall response tends to becrme similar to
that seen in Figure 29(b) for point 11 of run 55. This is reasonable in
that the rotor lift and flapping in the final steady states are nearly
idertical between point 7 of run 56 and point 11 of run 55.

Contrary to the effect of pitch-flap coupling seen at the lower
forward speeds, comparison of data from Table XV for point 29 of run 47
with the response of point 29 of run 55, Figure 29(c), shows that the
pitch-flap coupling increases the maximum torsional moment by a factor of
about 2. This is in agreement with results published in References 15
and 4, which show the detrimental effect of pitch-flap coupling on tor-
sional moments as the torsional divergence bour -y is approached.
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ol o TRANS 1 ENT PONSE AT 300 KNOTE

The degree of correlation of blade lag motion at 300 knots {s
essentially the same as that obtained at the lover forvard speeds. Figure
26 shovs the comparison of the measured and calculated resulte. The
relative alsence of the higher harmonic content i{s again evident in the
theory, and {n point 29 of run 55, the subharmonic component is predicted
by the theory but not secn in the experimental duts. Nothing unique to
this forverd speed {s revealed through compariaon of experimental and
theoretical lag motions.

The comparison of flapwise bending moments at 300 knots does reveal
certain items not encountered at the lover forvard speeds. Figure 27
shovs a generally poor correlation of pro-transient conditions vith a
subsequent improvement in correlation as the transieant response progresses.
These results can be attributed to the fact that, in general, {t vas
difficult to generste a completely satisfactcry theoretical, pre-transient
condition at this forvard speed. Since the uxperimental parameters vere
zeroed for these conditions (0, = s), ® b}y = a5 = O degrees), the measured
response is a result of unsteady effects and interference from the model
fuselage. Consequently, the compromises involved in attempting to theo-
retically achieve the measured values of 1lift, flapping, control settings,
and shaft angle did not result in a uniform degree of correlation in the
pre-transient conditions. In the case that includes pitch-flap coupling,
the calculated flapwise moment is extremely small. In the other cases,
the response has the correct order of magnitude but not the correct
harmonic content. The introduction of the control changes results in an
increase in rotor loading and a consequent reduction in the influence of
the extraneous disturbances. Thus, the nature of the correlation follow-
ing the control change is essentially as expected from consideration of
the lower speed correlation. In the case of the collective pitch change
without pitch~flap coupling, the calculated response is slover in attain-
ing the final steady-state condition than the experimental response and
slightly overshoots the measured final values. Correspondingly, the
response with pitch-flap coupling reaches the final value rapidly with no
overshoot. During the longitudinal flapping changes, the calculated re-
sponse builds up more slowly than during the collective pitch change case
and does not overshoot the measured final values. The high third harmonic
content observable in the experimental flapwise bending moments is also
evident in the theoretical results and indicates a significant participa-
tion of the first flapwise elastic mode at its natural frequency.

The comments made uzbove concerning the generation of the theoretical
pre-transient cases also apply to the flapping motions. Figure 28 shows
a general lack of agreement between the initial steady-state motions from
theory and experiment. However, as with the flapwise moments, the corre-
lation during the transient response is much improved. The higher har-
monic response in the theoretical results does not build up sufficiently,
particularly in the case which includes pitch-flap coupling, but the first
harmonic response correlation is much improved over that obtained at the
lower speeds. This can be attributed to the diminishing effect of 1lift-
induced inflow on rotor blade response as advance ratio increases. In
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the two cases vhere longitudinal flapping increments are considered, the
theoretical response during the rotor revolution that includes the control
change and the following revolution correlates poorly vwith the experimental
data. This {e due in part to the problem of generating the correct pre-
transient flepping, tut this is evidently not the sole reason Lerasuse
Plegure 28.d) shovs thet even with an apparently reasonable entry into the
first transient revolution, the theoretical flatping fails to respond
rapidly enough. Tnis effect is consistent with the slov response of the
no=-pitch. flap=-coupling cases examined at the lover speeds. Figure 28(a)
shovs that the 300-knot ~ase with pitch-flap coupling does respond as
rapidly to the control change as does the measured flapping motion,

The ccrrelation of the measu.¢d und calculated torsional moments
presents a nev situation at the 300-knot conditions. 'n the atsence of
the large-anplitude, stall-induced ¢s {llations, the mousured torsional
response is more accurately predicted thun was the case at the lower for-
vard speeds. Except where pitch-Clap voupling {s included, the calculated
peak torsional maments, shown in Figure 29, are consis%ently lov, although
the qualitative responseec %0 the control changes are good. The most
reasonable e¢xplanation for the lov moment peaks is that th. reverse flowv
aerodynamic characteristics of the model blades are not exact enough in
the theory. In this situation, where the blade {s {n an unstable attitude,
s small error in Vi{rt curve slope, for example, vill result in a signif-
icant error !n the re.reating blade torsionul response. Since the case
vith pitch-flap noupling, Figure 29(a), does not exhibit the retreating
blade moment peak, the correlution betwe-n theory and exveriment {s
generally good ir terms of totul amplitude. Figure 2%(a) shows, hovever,
that the harmonic content of the meazured response is not attained by the
theory. The use of quasi-steady acrodynamics in the theory could be ex-
pected to produce surh a result through ex.-ssive damping. This effect
vas seen at the lover forvara speeds,

bome general sunmary corments are appropriate at this point con-
cerning the evaluation of the experimental transient data and the corre-
lation of theory and experiment. Of .ourse, the camplete analyeis of
transient rotor blade response must eventually include the consideration
of chordwise elastic blade response and disturbances other than control
changes. However, the present data show several significant effects and
indicate the proper direction in which to seek improvements in analytical
methods.

No noticeably unusual rotor behavior was observed durlng the actual
wind tunnel testing of rotor blade response to rapid control inputs. At
a few conditions, however, the rotor blade response immediately following
the control change included f'lapwise and torsional moment amplitudes
larger than the amplitudes in the initial or final steady-state conditions.
The data show that these increased moments persist for only one or two
rotor revolutions. The rapid control changes sometimes excited a sub-
harmonic lag motion which decayed within one or two cycles.
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The correlation of the transient responses measured in the vind
tunnel vith those calculated using the Normal Mode Transient Ana.ysis is
not consiatent throughout the range of operating conditione consjdered.
At the lover forvard speeds, the rvsults indicate that the incluaion of a
transient rotor inflov, posaidbly including noneteady, wake induced
effects, .8 necessary to cause the theory to yield a realistic response,
particularly rotor blade flapping. At the more extreme lov-speed con-
ditious, the addition of unsteady effects associated with blade stall
appears L0 be a requiremcnt to wttain a reasonable degree of torsional
response correlation. At the higher forwvard speeds, the most significant
aspect of the correlation analysis is the basjc problem of theoretically
generating a prespecified operating corndition in terss of rotor perform-
ance, control settings, and angle of attack. The high sensitivity of the
Motor system at advance ratios of 1.0 and above forces the analyst to mal
Judgment on parametric values that could be ignored at lower advance
ratios.

EFFECT OF AZIMUTH ANGLE OF CONTROL INPUT

Changes in rotor blade transient response, resulting from a varia-
tion in the rotor azimuth angles over vhich the rotor control change takes
place,vere investigated by using the Normal Mode Transient Analysis.
Initial steady-state conditions corresponding to point 28 of run 60 and
point 1. of run 55 were used. The rotor control changes for the same test
points were modified to take place at azimuth angles 270 degrees larger
and vere used in the theoretical analysis. The resulting transient
responses are presented in Figures 30 through 33.

The revised control inputs begin at the 270-degree azimuth of the
first revolution appearing in Figures 30 through 33. This revolution
starts at zero and extends to 1 on the azimuth scale of Figures 30 through
33. Because of the lag which appears in the sample data of Figure 15,
however, most of the actual change starts at the numeral 1 on the azimuth
scale of Figures 30 through 33 and is essentially complete at the 90-
degree azimuth of that revolution.

Comparison of these results with the theoretical transients pre-
sented in Figures 26 through 29 indicates that the revised control change
causes a larger blade response than the original control change.

No significant change in the lag motion without pitch-flap coupling
is observable. With the pitch-flap coupling, a much larger control in-
crement is used, and an increase in the subharmonic amplitude occurs.

The flapwise bending moments, flapping motions, and torsional
moments show a definite increase in response with the pitch-flap coupling
when subjected to the revised control change. The blade response during
the actual control change is, of course, quite different between the two
sets of cases, but in the second revolution following the control change,
the flapwise moment amplitudes are 30 percent larger with the 0- to 90-
degree azimuth control change than with the 90- to 180-degree azimuth
control change. The overall harmonic content of the response is
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esgentially the same in both causes by the end of the second transient
revolution. The increases {n flapping and torsional aoment responses are
on the order of 10 percent in the third and fourth transient revolutions.
During the actual control change, these resnonses also differ signif-
fcantly from those folloving the original control change. As w.tF the
flapvise moments, the flapping and torsional moment signatures are un-
affected three or four revolutions «fter the control crange.

Without the pitch-flap coupling, the third and fourth revolution
flapvise moment, flapping, and torsional moment responses are not sig-
nificantly different folloving eivi.er the earlier or the later control
change. As expected, the responses during the first transient revolution
are quite different, and the 0- to 90-degree azimuth control change case
is seen to converge to the final values more rapidly than the 90- to 180-
degree case.

The physical siguificance of the differences in transiunt respouses
following control changes at different azimuth angles is that in general,
a rapid change in rotor controls will result in a differert response by
each individual blade of the rotor system. This wvill exhibit itself in
multiple tip path planes and blade root shear forces that are not inte-
grated out before reaching the nonrotating system. The wind tunnel tests
showed that these effects are only short temm in duration since no un-
usual behavior was observed in the experiments. The analytical results
imply, however, that the erratic rotor behavior may last for 5 rotor rev-
olutions following the control change. Effects of this duration could not
be visually observed in the wind tunnel due to the frequency scaling in-
volved, nominally 0.1 second per rotor revolution.

The theoretical effect of transient control input azimuth phasiug on
the blade response persists for a longer period of time for the case
considered here with pitch-flap coupling than for the case without pitch-
flap coupling. This is probably related to the much larger control in-
crement required to produce a given amount of flapping when pitch-flap
coupling of the amount used here is present. It can be seen in Figure 30
that subharmonic motion is noticeably large- for the case with pitch-flap
coupling. This motion requires several revolutions to damp out. While it
is present, the various coupling mechanisms cause it to affect blade flap-
wise and torsional response.
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GENEML PISQUSSION

Zach of the known types of rotor blade instability pertinent to this
investigation is discussed separately in the folloving paregraphs. It {s
usual to treat these phenomena as separate entities, using certain appro-
priste simplifying assumptions or experimental conditions. This approach
has led to basic understanding and simple, qualitatively use¢ful methods.
Real rotor systems, hovever, do not necessarily observe these assumptions
or restrictions. Yor example, the violent instabilities experienced
during the testing of the blades vith aft center of gravity can not be
clearly placed into any one of the categories of instability to be dis-
cussed dbelov.

To reen

The concept of rotor blade torsional divergence follovs directly
from the similar consideration for a fixed wing, as discussed in Refersnce
11. Torsional divergence results from a static serodynamic torsional loed
vhich increases in linear fashion with the product of dynamic pressure and
angle of attack. If the structural deflection due to the torsional load
results in an increase in angle of attack, a so-called iegative asro-
dynamic spring is present. Since the elastic restoring moment resisting
the torsional load is provortional to the deflection only, s dynamic
pressure vhich is sufficiently high will result in a rate of static tor-
sional load increase with deflection vhirh exceeds the rate of increase
of the elastic restoring moment. This situation is referred to as tor-
sional divergence.

The torsionel divergence investigation is clearly applicable to a
fixed wing in steady flight, or possibly to & rotor blade in hovering
flight, where the relative velocity along the blade is constant in time.

Conventional helicopter blades are, hovever, mass balanced about the
25 percent chord position of the unstalled aerodynamic center of pressure.
This practice causes the torsional couple to remain small vhen the blade
is operating in hover or in the advancing azimuth regime of the rotor disc
during forward flight.

When a helicopter rotor is operating at an advance ratio greater
than unity, the entire blade is traveling backwards (sharp edge first)
through the air for part of each revolution. Under these conditions, the
serodynamic center of pressure moves close to the normal 75 percent chord
position. The static flapping restraint for the blade is furnished by a
centrifugal force component acting through the blade centes of gravity.
Hence there is a static torsional couple caused by aercdynamic lift and
centrifugal restraining forces whose arm is approximately one-half chord.
This large couple causes the torsional divergence situation to be en-
countered, even though the relative velocities are low on the retreating
side of the blade. The elastic axis position in the typical helicopter
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blade haes little {nfluence on the static torsional moment, because most of
the resistance to aerodynamic lnauings is dues to centrifugal stiffness,
vhich acts at the loocal blade center of gravity.

If the rotor dblade is not masa-balanced, the torasional divergence
situation can be encountered on the advancing side of the rotor disc.
Since dynamic pressure is much higher than on the retreating side of the
rotor disc, s much smaller Jdisplacement of the blade center of gravity aft
vf the centel of pressure it required to produce torsional diverience at a
given forvard speed. Reference L contains additional discussion on heli-
copter blade torsional divergence, vitn nondimensional charts of diver-
gence boundaries for s vide range of parameters.

The limitations of the torsional divergence theory as applied to the
helicopter blade are quite obvious. The blade loadings are applied at
time rates vhich make torsional (nertia effects important. Furtheimore,
the basic torsional forcing moments can be unacceptably large even though
a condition for torsional divergence has not been encountered.

Cl ic lutter

The classical flutter instability for rotor blades, like torsional
divargence, also follovs directly from the f.«ed-wing clar [cal flutter
provlem, as discussed in Reference 11, for example.

The term "classical flutter” usually refers to the self-excited
oscillation of an aerodynamic surface in unstalled flow. Usually clas-
sical flutter involves at least two modes of motion, such as airfoil pitch-
ing and airfoil plunging. In this case, the elastic inertial, and aero-
dynamic properties of the airfo!l result in out-of-phase pitching and
plunging vidbrations. When flutter occurs, ‘he phasing between the motions
results in a mechanisz vhich extracts energy from the airstream and feeds
it {nto the structural vidbration. If the maximum pitch angle occurs when
upvurd plunging velocity is at its maximum, it can realily be seen that
the serodynamic lift can be in a direction to add energy to the vibration.
The pitch wngle, velocity, and aerodynamic force will all be reversed
vhen one-half cycle of vibration has passed, and energy input to the
structure vill continue. Tne flutter frequency is usually high enough so
that the aerodynsaic forces have a significant phase difference from the
sotions, and these phase differences are customarily accounted for in
flutter analysis.

Classical flutter occurs in a flov regime where aerodynamic forces
are linear vith respect to the airfoil motions. Therefore, flutter ampli-
tude vill gros viih time until nonlinear effec*s became important or the
structure is destroyed.

The classical flutter problem for the helicopter blade in hLover is
similar mathematically to the fixed-wing classical flutter problem. The
gujor di fferences are the presence of a helical wake, the variation in
velocity along the blade, and the varifous stiffness and inertisl effects
caused by rotation.
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The classical flutter problem for helicopter blades in forward
flight presents a much more complicated problem than the fixed-wing
flutter problem. The large, rapid, timewise variation in relative velocity
at a blade section requires that the difrerential equations of motiou have
time-varying coefficienta. The fixed-wing flutter problem is conveniently
presented in terms of small motions about some steady equilibrium position.
The helicopter blade in furward flight is subject to continuous vibratory
lcadings and cyclic changes in relative angle of attack which often extend
into the stall or reverse flow regime. Because of thzse large vibratory
loadings and resulvant blade motions, a purely linear st bility analysis
for helicopter blade flutter in forward flizht has much less practical
significance than the typical fixed-wing flutter analysis. The cyclic
vibratory loadings and deflections may strongly affect the parameters of
the linear stiability problem, making the consideration of nonlinear terms
necessary for a comprehensive mathematical treatment.

The cyclic variation of flow conditions for the helicopter blade can
resuit in an instability which is limited to certain azimuth regions. If
these regiont are not too large, the olade passes through them rapidly
enough that amplitudes remain acceptable. Thus, s theoretically pre-
dicted instability boundary may be penetrated without producing any
practically significant change in rotor blade response.

Stall Flutter

Stall flutter refers to the aerodynamically self-excited vibration
of an airfoil in the stalled regime. The flow conditions for stall
flutter are separated, unsteady, viscid, and compressible. A purely theo-
retical prediction of the airfoil loadings under these conditions has not
as yet been obtained. The available methods of predicting stall flutter
depend on the application of airloads data obtained from sinusoidally
vibrating two-dimensional sections.

The mechanism of stall flutter results from the rapid motions of
the airfoil as it vibrates in pitch. If ihe frequency of vibration is
sufficiently high for a given chord and forward velocity, the steady-state
flow conditions will not become established. The airfoil will tend to
remain unstalled when pitching upward, and will tend to remain stalled
wvhen pitching down. If the stalled pitching moment is negative with
respect to the unstalled pitching moment, work will be done on the airfoil
as it vibrates. This work is reflected as a negative damping of torsional
vibrations.

Stall flutter of helicopter blades occurs intermittently in forward
flight as the blade passes through a region of high angle of attack on
the retreating azimuth. With conventicnal blades, only one or two cycles
of vibration can take place while the blade is in the unstable azimuth
regime. However, the initial entry of the blade into stall will generally
provide u large torsional impulse, which will excite torsional vibration.
The vibration will tend to persist for one or two cycles until the blade
passes into the region of high positive damping on the advancing side of
the rotor.

L2



The prediction of stall flutiler currently depends on the appiication
of date acquired for a steedy-state vibration to » condition vhere a
vibration s ‘mpuleively started and quencled. “'his is probably less of &
shortcoming than the problem of accurstely predicting the blade angle of
attack variation vith azimuth on the retpeating side of the rotor disc for
« given flight condition., Obviously, this angle of attack variation must
be known acuurstely, sitice tiie blade aerodynamic pitching losds change
rudically 89 scon as stall e encountered,

Yispping lnsvabidity

The resista e of the conventional articuleted or hingeless helicop-
ter blaie to flapplug forces is vasically the result of cen'rifugal force
components normal to the blade. These comporents are approximately pro=-
portional to small blede flapping angles vith respect to the plane of
rotation through the rotor hudb. The magnitude of these components odbe-
viouely also depends on the square of the rotational speed. Flapping
instability refers to a condition for vhich the centrifugsl flapping re-
sistance is overcome by serodynamic flapping forces. 7The flepping {nsta-
bility of the rotor in forvard flight vas explored {n this experimental
investigatiun,

1f the helicopter is in forvard flight, the upvard flapping or flap-
wise bending of 1 helicopter Llsde {n the forvard helf of the azimuth
results in an increase in blade angle of attack. This increase in angle
of attack causes an increase {n hlade life, vhich {s basically resisted by
a corresponding increase ir. the centrifugal force camponents normal tc the
blade. If the rotor rotation is sloved, the rete of incresse of the
centrifugal force component vwith rotor flapping vill became smaller. As
shown in Reference 16, a trunsient na/ ative espring rate {n flapping cen
develop for advance ratios less than u = 0.8. As advance retio increases
even further, the megnitude and azimuth range of the negative sprirg rate
increases. According to the analogue computer study of Reference 16, this
negative spring rate in flapping is responsible for tnev flapping insta-
bilities that may occur.

Flapping instability has been vtudied theoretically, as in Reference
16, without considering the effects of coupling vith in-plane motions of
the blade, such as motion about the lag hinge. More elaborate investiga-
tions, one of which is cited in the next section, inciude consideration of
in-plane motior.

Flap-Lag Instability

Helicopter blade flapping and in-plane motions, such as chordwise
bending or motion about the lag hinge, have an influence on each other
which is referred to as flap-lag coupling. This coupling is primarily due
to Coriolis forces. These effective forces arise when the bludes acquire
a finite flapping angle. The Coriolis forces are of second order from a
strict mathematical standpoint, but they are definitely not negligible for
blade flapping angles obtained in practice, especially vhen the rotor is
heavily iocaded.
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In Reference 17, the coupled flap-lag motion of a helicopter blade
is studied theoretically. The coupled flap-lag motion was found to be
unstable under some circumstances. The coning angle of the rotor deter-
mines the amount of unstable coupling. It was also found in Reference 15
that the lag hinge damping of the articulated rotor can be sufficient to
suppress flap-lag instability. It does not appear that a simple explana-
tion of flap-lag instability in physical terms is available.

References ()6) and (17) do not comment specifically on the operat-
ing domains for which a pure flapping instability would be encountered and
those for which flap-lag type of instability would appear. The flap-lag
instability predicted in Reference (17) can appear at an advance ratio as
low as 0.4, for a blade Lock number of 10. The pure flapping instability
of Reference (16) is predicted to lie between advance ratios of 2.0 and
2.4 for blade Lock numbers between 12 and k. Therefore, the more com-
plicated flap-lag theory must be considered in a specific set of rotor
stability calculations. In Reference 2, for example, a set of articulated
blades was found to be free from flap-lag instability for a certain range
of operating conditions. Response of the blades to a sharp-edged gust
could then be realistically studied in terms of flapping motion only.

COMPARISON OF THEORY AND EXPERIMENT

Torsional Divergence

As shown by the right-hand vertical rows of points in Figure 1, the
theoretical torsional divergence boundary was approached for the 25 per-~
cent chard and the 30 percent chord center-of-gravity blades by reducing
rotational speed at a constant simulated forward speed of 332 knots.
Pigure 34 shows time history plots for data points 67-11 and 67-12. A
four-revolution sample of blade lag time history is shown, so that the
subharmonic motion can be seen. The other plots in Figure 3L are the
superimposed time histories of two successive revolutions. The time
histories for data points 72-8, 72-9, 75-10, 75-11, 81-8, and 81-9 are
qualitatively similar, except for aft center-of-gravity effects and
smaller amounts of the subharmonic motion. The conditions for these data
points, which are similar to those for 67-11 and 67-12, are given in
Tables VII and VIII.

The inboard end of the blade airfoil section is in reverse flow from
¥ = 190 degrees to ¢ = 350 degrees for the two data points shown in Figure
34. The entire blade is in reverse flow from y = 225 degrees to y = 315
degrees. The large pulse of torsional elastic response shown in Figures
3i(e) and 34(f) b.gins as the blade tip passes into reverse flow. Refer-
ence to Table VII shows that 6. = 2.0 degrees and By = 4.8 degrees for
data point 67-12. The statir blade calibration tests provided information
about the blade torsional deflection for a given static load. If it is
assumed that the blade dynamic torsional deflection mode is approximately
the same as the first torsional natural mode, the blade tip torsional
deflection with respect to the root may be estimated for the various dy-
namic loading conditions. The peak torsional deflection for the response
shovn in Figure 3L(f) has been estimated as approximately 9 degrees in

Lb



this way.

In order to obtain qualitative information about what actually took
place during the condition of Figure 34(f), an estimate of static aero-
dynamic torsional load at the start of the pulse was made. To facilitate
this, induced inflow was neglected, and the relative tangential velocity
at ¢ = 230 degrees was assumed. The blade angle of attack was assumed to
be -17h.3 degrees as given by the combination of cyclic and collective
pitch. Reference to Figures 34(d) and 34(h) shows that flapping and flap-
wise bending deflection and velocity are small at ¢ = 230 degrees and
therefore do not contribute to blade angle of attack. A lift curve slope
of 27 and a center of pressure at the 75 percent chord position were also
assumed. The result of this calculation was an estimated aerodynamic
blade torsion at y = 230 degrees of 59.2 incu-pounds about the 25 percent
chord. This large, suddenly applied load produced the large torsional
acceleration around ¢ = 230 degrees. The sudden loading was a result not
of an instability, but of the passage of the blade intc a reverse flow
region with a moderately large reverse flow angle of attack. The torsion
was the result of a couple between the aerodynamic downward lift at the
75 percent chord and the inertial force required at the 25 percent chord
to accelerate the blade mass downward.

The blade elastic twist and cyclic pitch caused the blade reverse
flow stalling angle tc be encountered soon after y = 230 degrees. At
Y = 270 degrees, the blade angles of attack were estimated to range from
-173 degrees at the inboard section to -164 degrees at the tip. Figure
5(c) of Reference 18 shows that reverse flow stalling began at an angle of
attack of approximately -173 degrees. Reverse flow velocities continued
to increase until the azimuth position reached y = 270 degrees, while the
moment coefficient continued to decrease because of blade stalling. This
apparently caused blade torsional aerodynamic loading to remain relatively
constant at 60 inch-pounds between y = 240 degrees and y = 280 degrees.
During this interval, the blade deflection and corresponding elastic
moments built rapidly as shown in Figure 3L(f). Once y = 270 degrees was
passed, reverse flow velocitie: decreased and blade torsional load de-
creased rapidly. The decrease of load was even more rapid than the build-
up. This was probably due to a delay in the establishment of unstalled
flow.

The flapwise motion of the blade during the conditions of Figure 34
wvas predominately a three-per-revolution excitation of the first flapwise
bending mode. The plunging velocities due to this motion caused compara-
tively small angle of atteck changes.

The results shown in Figure 34 nhave been shown to be primarily the
forced response in torsion and flapping due to the passage of the blade
through the reverse flow region. The loadings due to the initial angle of
attack were high and rapidly caused blade elastic twist into the stall
regime. The reverse flow stall caused the pecak loadings to be much
smaller than s linear aerodynamic theory would have predicted.
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It can be secn that other operating conditions would reduce the tor-
sional louds obtained for the conditions of Figure 3k. If the cyclic
pitch vere reduced from the values used in the conditions of Figure 34,
the blade reverse flow angles of attack would approach 180 degrees, both
as a direct effect and because of incrensed blrue reurward flapping. This
in turn would permit higher forwvard velocitics or lower rotational veloc-
ities and u closer approach to the theoretical divergence or classical
flutter boundaries. This would obviously not be a practical operating
condition for the rotor, since the applicution of cyclic pitch control for
the reduction of Vlade flapping would cause excessive blade stresses.

Retreating Blade Classical Flutter

The test conditions shown in Figure 3L, which were discussed in
terms of torsional divergence, also represent the closest approach to the
theoretical retreating blade classical flutter boundary, which is practic-
ally coincident with the retreating blade torsional divergence boundary.
As mentioned in the previous discussion, response to dynamic blade load-
ings became excessive before the theoretical stability boundary was en-
countered. The forced response experienced during the test approximated a
half cycle at 13 cycles per second. The incipient flutter mode, from &n
interpolation in Figure 16, has a frequency of approximately 45 cycles per
second for the condition of Figure 34. Reference to Table XI shows that
the calculated incipient flutter mode has the first flapwise bending mode
out of phase with torsion. The forced experimental response was found to
have essentially in-phase first flapwise bending and torsion motions.

Figure 15 of Reference L, wvhich used the method of Reference 1, pre-
sents the torsional response of a helicopter blade in re.erse flow at a
small initial angle of attack. The response appears as an intermittent
high-frequency flutter, rather than the single pulse per revolution ex-
perienced for similar conditions during the test. This is another indi-
cation that a flutter type response may be encountered on retreating
blades if the angles of attack are kept close to 180 degrees.

Advancing Blade Classical Flutter

The comparison of theory and experiment for the fixed-azimuth
flutter calculations must be rather limited from a quantitative sense.
The fixed-azimuth calculation makes the basic assumption that conditions
existing in a certain azimuth region exist for all time. Inspection of
the test data to be presented in the following paragraphs shows that this
simplification is a very drastic one for the rotor in forward flight.

Even at advance ratios as low as y = 0.3, the flapwise bending, torsional,
and rinid blade flapping time histories do not exhibit more than one cyzle
of motion which can even approximate the type of coupled near-sinusoidal
motion which exists for a fixed wing. Even if this one cycle of vibration
is quite unstable from a fixed-wing flutter standpoint, the buildup of
successively larger vibrations which characterizes fixed-wing flutter
cannot occur. This, of course, makes the fixed-azimuth flutter calcula-
tion, in itself, very conservative. This fact was confirmed by the test
results. The y = 90 degrees advancing blade flutter boundaries were
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penetrated with no noticeable change in blade response. The rotor was
operated at conditions far in excess of these boundaries, with only moder-
ate increases in blade loadings and motions, as expected.

The unexpected incidents of violent and sudden rotor instability
which occurred during the experimental investigation for the bladee with
center of gravity at the 35 percent chord appear to be related to advanc-
ing blade excitation. While each of the incidents occurred beyond the
fixed-azimuth flutter boundary, it cannot be concluded that this will
always be the case. For example, the forward speed for violent instabil-
ity at a rotational tip speed of QgR = TOO feet per second was lowered
from Vg = 208 knots to Vg = 120 knots by raising collective pitch from 4.0
degrees to 6.8 degrees on the trimmed rotor. The predicted fixed-azimuth
flutter forward speed was 20 knots for this rotational speed. It is at
least plausible to expect that a slightly higher collective pitch would
cause violent instability to occur in hover at figR = TO0O feet per second,
although this would not be predicted by the fixed-azimuth flutter theory.

In spite of the above considerations, it is worthwhile to compare
the experimentally determined blade response to the predicted fixed-
azimuth flutter response. This comparison can lead to improved judgement
and to the creation of a more realistic and possibly simpler analysis.

The blade motions over limited azimuth regions of the blade will be
treated in the comparison as if they were sinusoidal vibrations. Simul-
taneous motions occurring in torsion, flapwise bending, or flapping will
also be considered as taking place at the same frequency, even if this is
only approximately correct. Thus, the terms "frequency" and "phase" will
be applied to a short time interval during which the fixed-azimuth flutter
motions may approximate the experimental motions. These terms, wvhich have
a definite meaning within the fixed-azimuth flutter calculation, do not,
in a strict sense, apply to the actual response of the blade.

In order to relate the blade response to the predicted fixed-azimuth
flutter modes, the relationship between blade tip deflection and moments
was determined from the natural mode calculations and checked with the aid
of the static blade calibration results. One inch of tip motion in the
blade first flapwise bending mode was found to be equivalent to 34.6 inch-
pounds of flapwise bending at the 30 percent radius station, 51.0 inch-
pounds of bending at the 60 percent radius station, and -2.4 degrees of
blade flapping at the hinge. One inch of tip motion in the blade rigid
flapping mode is equivalent to 1.1 degrees of blade flapping at the hinge.
One degree of blade pitch at the tip in the first torsional mode produces
a mament of 7.5 inch-pounds at the 18 percent radius station and 7.0 inch-
pounds at the 35 percent radius station.

Sample time history data for the vlades balanced about the 25 per-
cent chord location are presented in Figure 35 for camparison with the
behavior of the aft center-of-gravity blades. The data are presented as
the superimposed time histories of two successive revolutions. The data
of Figure 35 were taken during test points 65-3 and 67-7. The rotor con-
ditions for these points are given in Table VII. The various time
histories are similar for these two data points. Some reverse flow
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excitation is evident in torsion and bending in both cases.

Figure 36 presents data at QigR = 700 feet per second and two simu-
lated forward speeds for the blade with the center-of-gravity location at
the 30 percent chord. The rotor operating conditions for these points,
74-5 and T4-9, are given in Table VIII. The calculated flutter onset for
this blade at that rotational speed is Vg = 150 knots, as shown on Figure
16(c). The flutter onset is defined by the change from positive to neg-
ative demping of the critical aeroelastic mode. The damping versus
forward speed at various constant rotational speeds is given in Figure
16(c). Both data points shown in Figure 36 are well into the theoret-
ically unstable regime. Data point Ti-9 was taken at the highest speed
reached with the Q4R = T00-feet-per-second rotational tip speed and the
30 percent chord center-of-gravity blade. As shown in Figure 36, the
blade response was still quite moderate at this speed. Further increases
in speed were prevented by an observed increase in model vibration. This
may have been related to the ronhammonic lag motion evident in Figure
36(v). Frequency analysis showed a discrete frequency lag motion com-
ponent of 0.Lk6 degree amplitude at 0.215 cycle per revolution.

In order to determine the more detailed effects of the aft center-
of-gravity location, Figure 35(a) can be compared with Figure 36(b), 35(c)
with 35(d), 35(e) with 36(f), and 35(g) with 36(h). The conditions for
the tvo data points involved were practically identical. The only
dramatic change occurred in the torsional time history. A torsional vibra-
tion appe.'red, grew in amplitude in the advancing azimuth regime, and
decayed in the retreating azimuth regime. The instantaneous frequency of
the torsional oscillations was lower on the advancing than on the retreat-
ing azimuth region. These amplitude and frequency variations fulfill
qualitative expectations from the fixed-azimuth flutter considerations.
From a more quantitative standpoint, the frequency of torsional oscil-
lation in Figure 36(f) for the cycle between y = 40 degrees and y = 140
degreer is 3.6 cycles per revolution or 45 cycles per second. The fre-
quency of the cycle between y = 240 degrees and y = 320 degrees is 4.5
cycles per revolution or 55 cycles per second. These frequencies may be
compared to the torsional natural frequency of 55.6 cycles per second
given in Table II and the predicted flutter frequancy of 29 cycles per
second, shown in Figure 16(c). It is evident that the large predicted
drop in the frequency of the torsional mode did not occur.

Evidence of coupling between torsional and flapwise motion in the
advancing azimuth region is present. The flapwise bending peak in Figure
36(d) at y = 140 degrees is out of phase with torsion. Comparison of
Figures 35(g) and 36(h) shows that the aft center-of-gravity blade has an
additional advancing azimuth flapping motion which is also out of phase
with torsion. This phase relationship is not similar to that calculated
for the flutter mode at Vg = 220 knots, as shown in Table XI. The rela-
tive order of magnitude of these motions is, however, roughly comparable
to the calculated flutter mode for Vg = 220 knots. Comparison of the data
of Figure 36(e) and 36(f) shows that the torsional magnitude increases
with forward speed and that frequency is relatively unaffected. The flap-
wise bending response in Figure 36(c) is very small, but it appears that
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flapwise bending response is approximately in phase with torsion at this
lower speed. This phase relationship is similar to that shown in Table XI
for forward speeds of Vg = 160 knots and Vg = 220 knots.

The data shown in Figure 37 arc also for the 30 percent chord
center-of-gravity blade, and are from points 75-L and 75-7. The corre-
sponding rotor operating conditiorns are given in Table VIII. Figures
37(b) and 35(b), 37(d) and 35(d), 37(f) and 35(f), and 37(h) and 35(h) can
be directly compared to determine the effect of the 30 percent chord
center of gravity. The most obtvious effect is, as before, the torsional
vibration bujldup on the advancing azimuth region, &8 shown in Figure
37(f). The rotational tip speed (gk) is 500 feet per second. Thus the
relative velocities are smaller over most of the azimuth than in Figure
36, which presents data with figh = 700 feet per second. This is probably
the reason for the much more rapid quenching of the torsional vibrations
in the retreating azimuth region. The torsional vibrations excited on the
advancing azimuth are almost completely decayed when the reverse flow
torsional impulse begins around ¢ = 260 degrees.

By referring to Figure 16(c) and Figure 37, it can be seen that test
point 75-L4 lies on the calculated flutter boundary and that test point
75-T7 lies well beyond {t.

The frequency of the cycle of torsional vibration between ¢ = 60
degrees and ¢ = 140 degrees in Figure 37(f) is L.5 cycles per revolution
or 40 cycles per second. The cycle of vibration between 180 degrees and
240 degrees is 6.0 cycles per revolution or 53 cycles per second. As
before, these frequencies may be compared with the torsional natural fre-
quency of 55.7 cycles per second given in Table II and the predicted
flutter frequency of 30 cycles per second, shown in Figure 16(c). As at
figR = TOO feet per second the experimental advancing blade response fre-
quency at figR = 500 feet per second is much higher than the predicted
flutter frequency.

The coupling of torzion with flapwisec bending and flapping is much
more prominent for point 75-T than for point Ti-9. Flapping is out of
phase with the torsional pulse at y = 100 degrees in Figure 37(f), while
flapwise bending is in phase. Consideration of the relative smounts of
flapwise bending and flapping indicate that the tlade flapwise motion in
this region is principally first-mode bending. These results do not agree
qualitatively or quantitatively with the calculated flutter mode at V, =
320 knots, as given by Table XI.

Figure 38 presents data from point 75-11, vhich is at the same for-
vard speed as point 75-7 but at a lower rotational speed of QgR = LOL feet
per second. The advancing azimuth torsional response is qualitatively the
same in Figure 38(c) and Figure 37(f). The retreating azimuth response is
much greater because of increased reverse flov. The flapvise response in
Figure 38(b) is quite differcnt from that in Figure 37(d). The flapping
time histories shown in Figure 38(d) and Figure 37(h) are, on the other
hand, quite similar on the advancing azimuth region. The nonharmonic lag
motion appearing in Figure 38(a) hus a significant discrete frequency
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component at C.2% cycle per revolution. The nonharmonic flapping motion
has discrete frequency components at 0.29, 0.71, and 1.29 cycles per
revolution. These nonharmonic motions will be discussed separately.

The forward flight advancing azimuth excitation of the blade with
the 30 percent chord center-of-gravity location does not generally con-
form, even instantaneously, to the predicted fixed-azimuth flutter fre-
quency or mode shape. It is probable that the very short time interval
during which the blade is theoretically susceptible to fixed-wing type
flutter prevents the noticeable self-excited buildup of a fixed-wing type
flutter mode.

The sample data from the advancing blade aeroelastic limits testing
of the blade with the center of gravity at 35 percent chord will be dis-
cussed next. Figure 39 shows data from test points 83-3 and 83-5. The
operating conditions for these points are given in Table IX. Both points
were taken at a rotational tip speed (QgR) of 700 feet per second. As for
the blade with the 30 percent chord center of gravity, a torsional
vibration arose which grew in amplitude on the advancing side and decayed
on the retreating side. This vibration is evident in the time history
results given in Figures 39(f) and (g). The increase in forward speed
from Vg = 138 knots to Vg = 187 knots did not affect the frequency of
vibration and caused only a moderate increase in amplitude.

The frequency of the torsional vibration cycle which extends from
¥ = 0 degrees to y = 150 degrees in Figure 39(g) is 2.4 cycles per revolu-
tion or 30 cycles per second. The frequency of the cycle which extends
from ¢ = 240 degrees to Y = 360 degrees is 3.0 cycles per revolution or 37
cycles per second. These frequencies may be compared with the natural
torsional frequency of 48.8 cycles per second from Table II and the pre-
dicted flutter frequency of 27 cycles per second from Figure 16(d). Con-
sidering the fact that the flutter frequency is predicted only for an
azimuth angle of ¢ = 90 degrees, this is a satisfactory agreement.

The blade response for point 83-5 is moderate, and evidence of coup-
ling between flapwise bending and torsion does not appear in Figure 39(4)
for the inboard flapwise bending. Figure 39(e) does, however, show an out-
board flapwise bending response which has a waveform similar to the tor-
sional response. The relative amounts of flapwise bending and torsional
response agree to within 20 percent with the calculated flutter mode for
Vg = 80 knots, which is given in Table XI. The phase relationship between
bending and torsion is not as predicted, but this may be a result of the
substantially higher forward speed of test point 83-5. The predicted in-
volvement of the rigid blade flapping mode also does not occur.

After point 83-5 was taken, the wind tunnel velocity was slowly in-
creased, while the torsional stress amplitude was continuously monitored.
The stress amplitudes remained close to the moderate values corresponding
to Figure 39(g) until a simulated speed of 208 knots was reached. At this
point, the blade stresses suddenly increased beyond the allowable limits,
and violent nonharmonic blade flapping motions were observed. The wind
tunnel was shut down and the model stabilized before a record of the blade
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motions could be obtained.

The data shown in Figure 40 were taken at a rotational tip speed
(QgR) of 500 feet per second. Data points 84-3 and 8L-6 were taken at
forward speeds (Vg) of 187 knots and 259 knots respectively. The rotor
operating conditions for these two data points are given in Table IX. The
type of advancing blade excitation noted for the test points of Figure 39
occurred again, as shown in Figure LO(f) and (g). A nonharmonic torsional
vibration is evident in Figure 40(g). This particular data point is for
an operating condition at which a violent instability later occurred
spontaneously, and this nonharmonic is probably a manifestation of that
incipient instability. The nonharmonic motion shown for the two revolu-
tions in Figure L0O(g) was not typical for the entire record of 50 revolu-
tions, and only appeared occasionally at random intervals.

The cycle of torsional vibration in Figure L40(g) between y = 4O
degrees and y = 160 degrees has a frequency of 3.0 cycles per revolution
or 27 cycles per second. The cyrle of torsional vibration between § = 220
degrees and ¢y = 290 degrees has a frequency of 5.1 cycles per revolution
or 45.6 cycles per second. These frequencies may be compared with the
torsional natural frequency of 47.1 cycles per second from Table II and
the calculated flutter frequency of 27 cycles per second from Figure 16(d).
As vith the results shown in Figure 39 for data points 83-3 and 83-5, these
frequencies agree vell with the fixed-azimuth considerations. The coup-
ling of torsion with flapwise bending is not plainly apparent, as can be
seen from Figures 40(d) and (e). The coupling that doec exist appears to
cause flapwise bending to be in phase with torsion. The flapping motion
about the hinge is out of phase with torsion around the¢ azimuth angle
v = 120 degrees, as shown in Figure 40(i). A comparison with the pre-
dicted flutter mode for Vg, = 140 knots from Table XI shows that the pre-
dicted relatively large amounts of flapwise bending do not appear. The
relative amounts of rigid blade flapping and torsion and their phase are,
however, correct within about 50 percent.

Even though the blade response was quite moderate while the data
shown in Figure 40 (for data point 8L-6) were taken, the rotor was in fact
operating at a condition for which a violent instebility was possible.
After the data were taken for point 84-6, and before any of the controls
were operated to obtain the next test point, rotor response changed
suddenly. Blade stresses and motions became nonharmonic and greater than
allowable, and the wind tunnel was shut down. During the recovery of the
model from the instability, some time history data were obtained with the
on-line oscillograph. These data will be presented and discussed later.
Frequency analysis of the data of point 8u-6 showed nonharmonic flapping
motions of only 0.3 degree at a frequency of 0.5 cycle per revolution,
and torsional nonharmonic moments of only 0.T74 inch-pound at a frequency
of 0.5 cycle per revolution and only 2.4 irnch-pounds at 4.5 cycles per
revolution. These frequency components are obviously present in the time
history of the instability, which will be presented and discussed later.

Figure Ll presents time history data for two additional data points
taken with the 35 percent chord center-of-gravity blade. Point number
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85-3 is another point close to a violent instability, and 85-8 is the
point of highest reverse flow velocity obtained with this blade.

The data for point 85-3 in Figure Ll was taken for a speed slightly
lover and a collective pitch slightly higher than for point 83-3 shown in
Figure 39. The corresponding data channels show good quantitative agree-
ment. The relatively small changes reflect the differences in the oper-
ating condition. An attempt to raise collective pitch at the forward
speed and rotational speed of point 85-3 resulted in anotler sudden violent
instability when a collective pitch of 6.8 degrees was reached. The in-
stability again was characterized by high nonharmonic blade loads and
motions. Analysis of the data of point 85-3, which was taken at a collec-
tive pitch of 5.0 degrees, did not produce any indication whatever that a
violently unstable condition would be entered by raising the collective
pitch 1.8 degrees. In the case of this instability, data were obtained on
the magnetic tape, and a full frequency analysis of the motions during the
instability could be carried out. This will be discussed later.

The data from test point 85-8 also appear in Figure Ll. These data
repeat the patterns of previous data, which are a growth of torsional
amplitude on the advancing azimuth and a decay on the retreating azimuth.
As with previously discussed data, the frequency of the vibration is lower
on the advancing azimuth. The coupling between flapwise bending and
torsion again exists only on the advancing azimuth region, as can be seen
from Figures 41(d) and 41(J).

Consideration of the time history data presented in Figures 35
through Ul shows that the aft center-of-gravity offset consistently caused
an advancing blade torsional vibration. The coupling of the torsional
motions with flapwise motions in the manner of a fixed-wing flutter was
not, however, consistently observable. When it was observable, agreement
wvith the fixed-azimuth flutter mode was sporadic.

Since, at most, one cycle of vibration is possible before the blade
passes out of the theoretically unstable regime, the rapid increase in
torsional vibration must be explained in terms of a forced phenomenon.

This contention is strengthened by observing the torsional moment time
history in Figure 37(e) for data point 75-4. This point is very close to
the 90-degree fixed-azimuth stability boundary, yet the torsional amplitude
more than doubles in one cycle. Since negative damping of the fixed-
azimuth flutter mode is not sufficient to explain this rapid growth in
blade torsional vibration, some other mechanism must be responsible.

In order to gain some preliminary insight into what actually occurred
vhen the rotor blade with center of gravity at 35 percent chord was oper-
ated in forward flight, some simple calculations were based on the data
for point 83-5, wvhich are shown in Figures 39(b), 39(d), 39(e), 39(g),
39(1), and 39(k). Assuming zero rotor inflow velocity, a 1lift curve slope
of 2%, and a center of pressure at 25 percent chord, a static aerodynamic
blade torque of 25.2 inch-pounds was estimated at an azimuth angle of
v = 0 degrees and 13.9 inch-pounds at y = 90 degrees. These calculations
considered the elastic blade twist corresponding to the elastic moment
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time history shown in Plgure 39(g). Obviously, the elastic torsional
response shown {n that figure is readily explained on the basis of blade
response to tyclic loadings. In addition to causing torsional load
directly, the nft center of gravity causes a negative asrodynamic spring
effect in torsion. This negutive spring effect is considered in the
fixed-azimuth torsiona) divergence and flu'ter analyses. Consideration of
the blude dynamic deflecticns corresponding to the mament time history of
Figure 39(g) indicates that they are the same crder of magnitude as the
cyclic pitch changes. Por exusple, estimated blade root pitch is 5.5
degrees and tip pitch is &.2 degreec at an azimuth angle ¢ = 0 dogrees.

At ¢ = 90 degrees, the blade root pitch is -1.2 degrees, but the blade tip
pitch {s ¢.5 degrees. Thus, over this quadrant of the azimuth, only 1.7
degrees o’ pitch chunge appears at the blade tip, {n contrast to 6.7
degrees st the blaude root. A v = 90 degrees, hovever, the blade positive
torsionul deflection reaches {ts peak and begins to decrease. when the
blade is at ¢ = 135 degrees, the torsional deflection {s negative, and
estimated blade pitch ic -0.& degree at the root and -3.2 Jegrees at the
tip. Over the azimuth sector 90<y<.35 degrees, *0.4 degree of pitch change
uppears at the root, in contrast to =5.7 degrees of pitch change at the
blade tip. When the tlade reaches y = 180 degrees, torsional deflection is
almost zero, and the tip and root blade pitch practically coincide. It is
probable that the magnification of cyclic pitch change in the second
azimuth quadrant compensates for the loss of cyclic pitch change in the
first quadrant,

The above considerations lead to a preliminary explanation of the
violent instabilities observed during the course of the vind tunnel test-
ing. In simple terms, dynamic blade twisting vas caused by the response
of the blade with aft center of gravity to the cyclic loads on the advanc-
ing side of the azimuth. These dynamic deflections wvere of relatively low
frequency because of the negative aerodynamic torsional spring effect.

For some flight conditions, these deflections overcame the cyclic pitch
input required to control blade flapping, as well as the angle of attack
changes due to flapping velocity which stabj:ize the blade tip path plane.

Instabilities of the above type depend cn rotor loading and are not
predictable by a fixed-azimuth consideration of the unloaded blade, sl-
though it may be found that such a fixed-azimuth calculation will alwvays
provide a conservative boundary.

The approach of Reference 6 should be suitable for stuajing the
types of instabilities encountered. Reference 6 considers the cyclically
varying parameters of the linear differential equations of motion. The
method of Reference 1 also can be applied to the problem, if unsteady
aerodynamic effects do not play an important part in the mechanism of the
instability. The method of Reference 1 is a step-by-step timewise numer-
ical integration of the equations of motion, with full consideration of
quasi-steady nonlinear effects.

9.5



Stall Flutter

The agreement between theory and experiment for the fixed-azimuth
stall flutter analysis is reasonably good from a qualitative standpoint,
in that the predicted retreating blade vibrations materialized for rotor
conditions found to be theoretically subject to stall flutter. Since
stall flutter occurs at a relatively high frequency, the fixed-azimuth
assumption has a relatively greater correspondence to physical reality.

As w'll be shown in the discussions to follow, the blade torcional dynamic
loadings, as well as the torsional instability, contribute t. the levels
of torsional response noted for retreating blade stall flutter.

The accuracy of the stall flutter prediction method used in this in-
vestigation, or any similar improved method, depends in turn on an
accurate determination of retreating blade angle of attack for a given
flight condition. This may sometimes prove difficult, since when stall
flutter occurs the rotor is operating in a condition for which heavy blade
stalling is present. Rotor performance and corresponding blade motion
predictions tend to be less accurate under these conditions.

For the present investigation, the variation of angle of attack and
relative velocity with azimuth and radius was determined by using the
Normal Mode Transient Analysis described in Reference 1. In order to make
the geometrical relationships in this calculation as much like the exper-
imental relationships as possible, the collective pitch range to be used
in the test vas aiso used in the Normal Mode Transient Analysis. The
cyclic pitch used {n the analysis wvas that setting which resulted in a
calculated zerc first hamonic flapping response for a given flight con-
dition. This procedure vas also folloved experimentally. The calculated
rotor performance vas not used as a basis for comparing stall flutter
thecry and experiment. The calculated rotor conditions which provided the
angle of attack and relative velocity variation needed for the stall
flutter analysis are summarized in Table XII. These may be compared with
similar experimental conditions in Table VII, such as 68-3 through 68-7,
68-13 through 68-16, and 51-7 th=ough S1-11. It can be noted that the
calculated results overestimate longitudinal cyclic pitch requirements,
underestimate rotor lift, and agree relatively wvell with experimental
rotor torque. The experimental conditions for the theoretically predicted
1ift coefficients shovn in Table XII would occur at collective pitch
settings approximately L degrees lowver, and it {s virtually certain that
stall flutter would not be experienced for these conditions. The con-
sideration of variable rotor inflov may improve the agreement betveen cal-
culated rotor performance and cxperimental performance for & given collec-
tive pitch.

The experimental stall flutter condition time histories are given in
Figures 42 through US. Figure L2 contuins data from points 68-3, 68-6,
and 68-7 which vere taken at a rotational tip speed (QgR) of 700 feet per
second and a simulated forvard speed of Vg = 121 kncts. Figure 17(a)
shows the calculated variation of aerodynamic torsional damping ratio with
azimuth for these rotor conditions. The calculated negative critical
deamping ratios are far toc small to explain the sudden onset of torsional
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vibration appearing in Figures 42(k) and 42(1). Using the simple ex-
pression for the emplitude ratio of oscillations

R, = e 2" 0AD (22)

and lettirg, for example,fap =-0.04 (from Figure 17(a)), one ohtains

Ry = 1.46. This means that with no other effects present, the cscillation
would gradually increase, with each successive cycle of oscillation 1.46
times the preceding one. The actual blade torsional time history in
Figures 42(k) and 42(1) shows a rather abrupt nose-down response, vhich is
due to blade stalling. The resulting torsional vibration is sustained for
1.5 cycles by negative and low dumping in the retreating azimuth region.
The frequency of the oscillation is approximately 6.3 cycles per revolu-
tion or 78 cycles per second. This agrees well with the torsional netural
frequency of 75.3 cycles per second, which is given in Table II. The re-
tura of the blade to the unstalled, high positive damping region in the
advancing azimuth part of the rotor disc results in a rapid quenching of
the torsional vibration. Inspection of the data for lag, flapvise berding,
and flapping in Figures 42(a) through 42(1) and Figures 42(m) through k2(o)
shows that no discernible direct coupling exists between the torsional
vibrations and lag and flapwise responses. Figure L3 shovs data from
points 68-8, 68-11, and 68-12. These are showvm instead of data from points
68-13 through 68-16 because of an intermittent fajlure of the torcional
strain gage. The stall flutter response at this higher speed (Vg = 1LS
knots) is slightly greater tian the similar data for Figure 42, vhich vere
taken at Vg = 122 knots. The size of the unstable azimuth sector showvn in
Figure 17(b) for Vg = 170 knots is somevhat larger than the corresponding
region in Figure 17(a) for 120 knots. The calculated negative damping is
numerically smaller, hovever, primarily because >f the lover relative
velocities. The data in Figure L3 for Vg = 145 knots are qualitatively
similar to those in Pigur> 42 for V, = 120 knots

Figures Lu(a), Lu(c), Lu(e), Lu(g), and Lu(]i) show dats from poiut
51-11, vhich corresponds to the iast of the calculated conditions in Table
XII. These calculations provided the torsional damping data shown in
Figure 17(c). The stall flutter rusponse showvn in Figure LL(i) at this
forward speed (V, = 202 knots) is slightly smaller °han the rorresponding
data from Figure 43(1), which vere taken for Vg = 145 knote. The tor-
sional vibration has a less sbrupt initiation, but its subsequeant duildup
is more rapid than at the lover speeds. The less abrupt initiation could
be caused by lover relative velocities existing around ¥ = 270 degrees for
the condition of Figure ub(i) than for the condition of L3(1l) or k2(1).

It vould appear, however, that the negative damping is somevhat greater
tl.an the predicted variation given in Figure 17(c). In the azimuth region
2UC<y<c3L0 degrees of Figure LL({), for example, the secund torsional cycle
is approximately tvice the amplitude cf the first one. Using the inverse
of Equation (22), one obtains ¢,p =-0.110.

The sbove camparisor. of theory and experiment shovs that stall

flutter vill occur as predicted by the fixed-azimuth stall flutter analysis
s the retreating blas'le angles of attack used in the analysis are
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reasonably clor - .o those existing experimentally. It appears that the
magnitudes of the negative damping are of the correct order of magnitude.
The torsional impulse wvhich accompanies blade stalling appears to have a
significant effect on the stall flutter amplitude. The information fram
the fixed-azimuth stall flutter analysis therefore provides only a very
approximate indication of the severity of the stall flutter.

Figures LL(b), LL(d), uk(f), LU(h), and LL(J) show data from test
point 51-16, which was taken at high collective pitch and high forward
speed (V, = 304 knots). The advance ratio was 1.03 for this condition.
The blade torsional response for this condition is shown in Figure uk(j).
Stall flutter was not present, and the blade responded to reverse flow
loadings, as shown in Figure 34 and discussed earlier in this section
under the subheading Torsional Divergence. The torsional amplitude of the
reverse flow response wvas approximately equal to the stall flutter response
experienced at lower speeds.

Figure 45 presents data taken with the 30 percent chord center-of-
gravity blades for data points 76-4, 78-4, and 79-10. The rotor operating
conditions for these points are given in Table VIII. Point 76-L4 is com-
parable to point 68-6 shown in Figure 42, point 78-4 is comparable to point
68-11 shown in Figure 43, and point 79-10 is comparable to point 51-16
shown in Figure Lk,

Comparison of Figures 45(h) and 45(i) for the 30 percent chord center-
of-gravity blades with Figures 42(k) and 43(k) respectively for the 25
percent chord center-of-gravity blades shows that the stall flutter portion
of the blade response was not aggravated by the aft center-of-gravity off-
set. In fact, some alleviation of stall flutter appears in Figure U5(h).

A larger excitation resulted on the advancing blade, however. The fre-
quency of the advancing blade torsional motion was approximately equal to
the frequency noted for the similar response in point Th-5, shown .n Figure
36(e). The advancing blade response decays rapidly at high collective
pitch angles, instead of persisting into the retreating azimuth region as
in Figure 36(e). It is interesting to note that the coexisting retreating
azimuth stall flutter and advancing azimuth excitation do not aggravate
euch other but, on the contrary, appear to interfere with each other. A
rotor blade with aft center-of-gravity offset has a tendency to become
unstable at lower forward speeds under higher loadings. This does not
appear to be a result of any interaction between stall flutter and ad-
vancing blade excitation.

Advancing Azimuth Execitation
at High Collective Pitch

Examination of the flapwise bending response for data points T6-4
and 78-4, which is shown in Figures L45(d), 45(e), and 45(g), and comparison
of these with Figures 42(h), 43(e), and 45(h) show little if any direct
coupling of the flapwise bending response to the advancing azimuth tor-
sional excitation. The blade flapping data for point 78-4, shown in
Figure U5(k), does show out-of-phase coupling with blade torsion on the
advancing azimuth. The data in Figure 45(k) may be ccmpared with Figure
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43(n) for the blade with the center of gravity at the 25 percent chord
operating at the same condition. This advancing azimuth coupling of flap-
ping and torsion is approximately the same as in the predicted fixed-
azimuth classical flutter mode at a forward speed (V) of 1LO knots, which
is given in Table XI.

Data for point T79-10, which corresponds to point 51-16, is also
given in Figure L45. At this higher speed and high collective pitch con-
dition, the changes caused by aft center of gravity are more dramatic. By
comparing Figure 45(q) with Ub(k), 45(1) with Lk(h), and 45(f) with Li(d),
it can be seen that a very obvious coupling effect exists between flapwise
and torsional motions on the advancing azimuth region. The relative phas-
ing of flapping and torsion is similar to that for the calculated fixed-
azimuth flutter mode at 320 knots, as given in Table XI. The experimental
motion has a much larger proportion of blade flapping and flapwise bending.
The blade lag motion shown in Figure 45(c) contains a noticeable nonhar-
monic motion. Frequency analysis showed this motion to be 0.50 degree
amplitude at 0.30 cycle per revolution.

The comparisons made in .he above paragraphs are a further demon-
stration that the advancing azimuth aft center-of-gravity blade excitation
is fundamentally a forced phenomenon. Figures u45(q) and 37(f), 45(1) and
45(h), and 45(f) and 37(d) may be compared to show that collective pitch,
and therefore blade loading, has an irmportant effect on the magnitudes and
relative proportions of the var.ous b.ade response measurements.

DISCUSSION OF VIOLENT INSTABILITIES

Flapping Instability

Each of the rotors was operated at various forward speeds with the
rotor rotational speed reduced as far as possible. At all but the highest
forward speeds, reduction in rotational speed was limited by a noticeable
sluggishness in rotor control response. Rotational speed was reduced
until it was felt that control of the rotor was about to be lost. The
highest advance ratio reached with the rotor controllable was 1.91, at a
simulated speed of 258 knots. At a simulated speed of 280 knots and an
advance ratio of 1.94, control of the rotor was lost. Control was immedi-
ately regained by bringing up rotational speed.

During this part of the testing, the blade first harmonic flapping
was kept as small as possible through the use of cyclic pitch, although
random wandering of the blade tip paths was noted at the minimum rota-
tional speeds. Post-test analysis of the data taken at the minimum rota-
tional speeds showed, however, that blade motions and loads increased
gradually with forward speed. Frequency analysis showed that rotor har-
monics were the only significant discrete frequency components present at
simulated forward speeds below 300 knots. The random vandering of the
blade tip paths was recorded as randomly varying bursts of first harmonic
flapping motions.
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At simulated forward speeds of 300 knots and greater, the reduction
in rotational speed was limited by rapidly increasing retreating blade
torsional loadings, accompanied by peak torsional deflections as high as
11 degrees. Under these conditions, a coupled flap-lag motion developed
at a discrete frequency. This incipient iustability will be discussed
later.

As mentioned previously, all instabilities resulting from the slow-
ing of the rotor were encountered in a gradual manner, and it was clearly
evident from either rotor response or blade stress amplitude monitoring
that a dangerous condition was being approached.

Instability Due to Aft
Center-of-Gravity Location

A number of violent instabilities were encountered with the blade
center of gravity at the 35 percent chord position. These were encountered
while increasing forward speed at constant rotational speed and by raising
collective pitch at constant forward speed and rotational speed.

Rotor blade response for conditions close to instability has been
discussed under the comparison of the experimental data and the advancing
blade classical flutter theory. As mentioned under that discussion, the
theoretical advancing blade classical flutter boundary was penetrated, and
blade torsional response increased gradually with forward speed or collec-
tive pitch until a sudden violent instability occurred. Analysis of the
data showed that the blade cyclic airloads caused blade torsional deflec-
tions in the advancing azimuth region, and that these were large enough to
interfere with the cyclic blade angle of attack changes which normally
control and stabilize the rotor. It did not appear that the fixed-wing
type of flutter instability could produce the blade response noted, since
it was present for too limited an azimuth sector.

The first of the instabilities referred to occurred as the forward
speed vas raised to Vg = 208 knots, starting from data point 83-5. The
rotor operating conditions for data point 83-5 are given in Table IX. No
data were obtained while the rotor was in its unstable mode, although
large blade stresses and flapping motions were observed. Detailed analysis
of the data from point B83-5 showed that nonharmonic motions at discrete
frequencies were very small.

Instability vas encountered at the operating condition of data point
8L-6, which was at a simulated speed of 256 knots. Instability was entered
spontanecusly after data had been taken for point 8k-6. The data shown in
Figure 46 were taken with the on-line oscillograph during wind tunnel shut-
dovn. The unstable oscillations were decaying but were still very prom-
inent. Inspection of Figures U6(a) and 46(d) shows that a one-half-per-
revolution lag and flap motion was present. Inspection of the torsional
time history in Figure 46(c) shows that a L.S5-cycle-per-revolution fre-
quency component is also present. This is especially obvious during the
second revolution shown on Figure 46(c). The L.5-cycle-per-revolution
frequency is equivalent to 39.8 cycles per second. The local variation of
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frequency with azimuth appears similar to that recorded for point 84-6 and
shown in Figure LO(g). The torsional amplitude shown is approximately
equivalent to 5.5 degrees of elastic twist at the blade tip. The data of
point B4-6 were carefully analyzed, and discrete frequency motions were
found at 0.5 cycle per revolution in flapping and torsion and at 4.5 cycles
per revolution in torsion. These were not present at point 84-5 which was
taken at a speed of Vg = 235 knots, 24 knots lower than point 8L-6. These
motions were still extremely small at point 84-6. The 0.5-cycle-per-
revolution componeats had an amplitude of only 0.3 degree in flapping and
0.7 inch-pound in torsion. The L.S5-cycle-per-revolution torsional re-
sponse had an amplitude of only 2.4 inch-pounds. Even though the rotor
was operating at a dangerous condition, the related nonharmonic response
was not noticeable until the instability was triggered to a larger ampli-
tude. Inspection of Figure U6(c) shows a torsional response at 4.5 cycles
per revolution with an average amplitude of approximately 25 inch-pounds.
By comparing with the 2.4-inch-pound amplitude at this frequency component
that was present for data point 8L-6, it can be seen that the nonharmonic
motions grew spontaneously by a factor of at least 10 as the instability

" became established.

Instability was again encountered with the 35 percent chord center-
of-gravity blade by raising collective pitch to approximately T degrees at
a forward velocity (Vg) of 120 knots and a rotational tip speed (QgR) of
700 feet per second. Data point 85-3 was taken at the same conditions,
except for a collective pitch of 5 degrees, as shown in Table IX. The
instability again was entered suddenly; on this occasion, a record of the
unstable motions was obtained on the F.M. tape recorder. An eight-revolu-
tion sample of this record is presented in Figure 47. The torsional time
history of Figure 4LT7(d) has a superficial resemblance to that of Figure U46,
but the modulation of amplitude occurs at approximately 0.33 cycle per
revolution instead of 0.5 cycle per revolution. The amounts of flapping
and lag motion relative to torsion are also greater in the instability
shewn in Figure L7. In order to determine specific blade motions which
play an important part in the instability, frequency analyses of the data
were carried out. The plots of amplitude against frequency are shown in
Figure 48. The components of the most important amplitudes are given in
Table XIII. The ap and by refer to the cosupt and sinwpt camponents re-
spectively at each frequency given. The time (t) is defined as zero at an
arbitrary zero azimuth signal; therefore, the components given for the
nonharmonic motions are only significant in relation to one another.

It is interesting to note that the important nonharmonic frequencies
present do not reflect motion at a low integral subharmonic frequency such
as 0.33 or 0.50 cycle per revolution. The frequencies present appear to
be those of aercelastic vibrations, which have become much greater than
the normal harmonic forced vibration.

The blade flapping and lagging motion at 0.28 cycle per revolution
is close to the calculated lag frequency of 0.309 cycle per revolution.
The flapping components at 0.72 and 1.28 cycles per revolution are due to
a lag frequency amplitude modulation of blade once-per-revolution flapping.
The predominant torsional amplitude during the instability occurred at a
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frequency of 3.40 cycles per revolution, which is equivalent to 42.1 cycles
per second. This is slightly lower than the torsional natural frequency of
4L8.E8 cycles per second from Table II, and much higher than the advancing
blade classical flutter frequency of 27 cycles per second shown in Figure
16(d). It appears that the frequency of the torsional oscillations is
locally lowver in the advancing azimuth region, as for the stable rotor
conditions previously discussed.

The peak torsional amplitudes appearing in Figure L4T(d) represent a
blade tip elastic deflection amplitude of approximately 13 degrees, and it
is certain that blade stalling occurred at the tip. The large drag forces
caused by this stalling may be responsible for the large lag motion shown
in Figure 47(a). It can be seen that the blade velocity in the lag direc-
tion is greatest during the bursts of large torsional oscillation.

Each of the violent instabilities due to aft center-of-gravity
location were encountered suddenly and reached a large though self-limited
amplitude before any action could be taken. The amplitude-~limiting mech-
anism was probably bdblade stalling. The fully articulated fiber glass
blades were flexible enough to execute these large deflections without
immediate failure.

DISC'"SION OF NONHARMONIC RESPONSE

As mentioned in previous discussions, rotor nonharmonic motion was
observed at rotor conditions other than the violent instabilities. Dis-
crete frequency subharmonic amplitudes during stable rotor operation were
very small, with the exception of certain chordwise bending responses. At
least a small amount of random variation in rotor blade response was always
present in the recorded data. This was especially noticeable in the tor-
sional response data from the retreating blade stress limit conditions and
the stall flutter conditions. Examples of these conditions are points
67-12 and 68-7 respectively. Figure L42(1), for example, shows a typical
variation in the amplitude of stall flutter response in the azimuth sector
between § = 2L0 degrees and y = 360 degrees. A change in amplitude of
approximately 20 percent takes place in this azimuth region between the two
successive revolutions shown. The random response was very small during
ordinary operating conditions, with some increase during conditions of
incipient instability as noted above. The increase in random response was
most noticeable for retreating blade incipient instabilities, where degra-
dation in control response or high stress also demonstrated that an unsta-
ble condition was being approached. The increase in random response was
also present as the violent advancing blade instabilities were approached,
but remained generally very small compared to the harmonic response until
the actual instability took place. Conceivably, these changes could pro-
vide < warning of an approach to an unstable condition, if they were not
obscured by the harmonic response and random signal inputs from other
sources.

The rotor nonharmonic response during stable rotor operatio~ was of

interest in some cases, in spite of the generally small amplitude. Socme
samples of nonharmonic response are given in Table XIV. The components ap
and by shown in the table are the coefficients of coswyt and sinupt
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respectively, and rp is the resultant amplitude. The zero time reference

is at an arbitrary zero azimuth signal; therefore, the components ap and by
have meaning only for the relative phasing of the various data channels at
s particular data point. Thus,only the resultant amplitude rp is given if
only one data channel is {nvolved {n the nonharmonic at a given data point.

The first of the nonharmonic responses presented in Tuble XIV vau
present during points 67-9, 67-10, 67-11, and 67-12, which were taken with
the blade center of gravity at 25 percent chord. The operating conditions
for these points are given i{n Table VII. A similar response, also pre-
sented in Table XIV, was noted for the similar points 75-9, 75-10, 75-11,
and 81-9, which were taken with the blade center of gravity at 30 percent
chord. The operating conditions for these points are given in Table VIII.
Blade lagging and flappirng motion amplitude versus frequency plots betveen
0.02 and 1.0 cycle per revolution are given {n Figure L9 for data points
67-9, 67-10, 67-11, and 67-12. The response can be described as a coupled
lagging and flapping motion, which takes place at successively lower fre-
quencies as rotor rotational speed drops. The frequency drops faster than
the rotor rotational speed, and had rcached approximately 0.25 cycle per
revolution at an advance ratio (u) of 1.47 and a simulated speed (Vg) of
332 knots. The pair of flapping amplitudes at frequencies of 1.0 plus lag
frequency and 1.0 minus lag frequency can be shown to be a first harmonic
flapping response modulated by the lag frequency. The blade elastic bend-
ing and twisting motions were found to include discrete amplitudes at the
flap and lag motion frequencies. These were very small, as seen from
Table XIV for data point 67-12 and point T5-1l.

Coupled flap-lag motion similar to that described above alsc took
place during data point 79-10, which was taken with the 30 percent chord
center-of-gravity blade at an advance ratio (u) of 1.0, a simulated forward
speed (Vg) of 304 knots, and a collective pitch of 1l degrees.

The coupled flap-lag motion was observed only in the above instances
of high speed over 300 knots. It was not observed at the higher advanze
ratios reached at somewvhat lover forward and rotational speeds, ncr at the
high rotor lift conditions at lower advance ratios.

The coupled flap-lag response at lower rotor rotational speeds vas
probably inhibited by the viscous lag hinge damper. This damper furnished
9.4 percent of critical damping in uncoupled lag motion at a rotational
tip speed (QgR) of 700 feet per second. At a rotational tip speed of 380
feet per second (point 67-12), the critical damping ratio was 17.7 percent.
At u rotational tip speed of 184 feet per second (point T1-12), it rose to
35.8 percent.

A nonharmonic response of high frequency and small amplitude, which
involved flapwise bending and torsion, took place during the stall flutter
conditions. Both amplitude and frequency of the oscillation increased
with cyclic pitch. Examples of this response are given in Table XIV for
data points 68-3 through 68-7 and 68-9. The operating conditions for
these data points are given in Table VII. The oscillation took place at
approximately the fourth flapwise bending frequency of i67 cycles per
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second, or 13.5 cycles per revolution, which is given in Table II. The
recorded rotor azimuth signals were checked against an independent con-
stant-frequency device, and it was found that rotor speed remained constant
to within 1 revolution per minute (or O.3 percent) during the recording of
the data discussed above. Therefore, the observed frequency change does
not represent a slowing of the rotor with a constant time frequency signal.
The observed amplitudes are very small; however, they do exceed the har-
monic excitations at comparable frequencies. The amplitudes continued to
grow until the control 1limit collective pitch settings were reached.

The chordwise bending data obtained with the 30 percent chord
center-of-gravity blade revealed some fairly strong nonharmonic response.
Table XIV contains some samples of this response for data points Ti-3
through 74-9, 75-6 through 75-8, T7-12, and T7-13. The operating conditions
for these data points are given in Table VIII. The response at approx-
imately 9.7 cycles yer revolution is at a frequency close to the second
chordwise natural mode, as shown in Figure 7. The larger response took
place at a frequency of 10.52 cycles per revolution when rotational tip
speed (RgR) was 700 feet per second, and at 5.26 to 5.28 cycles per rav-
olution when rotational tip speed was 500 feet per second. These fre-
quencies do not correspond to natural frequencies, and the response at the
high rotational speed has almost exactly twice as many cycles per revolu-
tion as the response at the lower rotational speed. The in-plane hinge
force corresponding to the 5.27 per revolution excitation may be estimated
by assuming that the mode shape is the same as the first chordwise natural
bending mode. On this basis, the Ll.k.inch-pound moment for data point
75-8 produced an in-plane shear force of approximately 4.6 pounds. This
is equivalent to 1200 pounds per blade on a hypothetical 72-foot full-scale
rotor. Unfortunately, reliable chordwise bending data were not obtained
for the 25 percent chord center-of-gravity blade, so it is nct known if
similar responses were taking place with the normal balanced blade con-
figuration.

The remaining information in Table XIV is for data point 84-6, which
became spontaneously unstable after data were taken. The nonharmonic
motions, although small from a practical standpoint, suddenly became mag-
nified by a factor of at least 10 when the instability became established.
This data point was taken for the 35 percent chord center-of-gravity blade.
The rotor operating conditions are given in Table IX.

EFFECTS OF OPERATING CONDITION
ON INCIPIENT I.NSTABILITY

Torsional Divergence

Figures 50 through Si show the effects on blade response of decreas-
ing rotational speed at a constant simulated forward speed of 328 knots.
The pairs of curves identified by the various symbols define the maximum
and minimur blade excursions during a1 rotor revolution. The static fixed-
azimuth torsional divergence boundary shown was calculated for an azimuth
angle of 270 degrees. It can be seen that a practical limit for rotational
speed is reached before the predicted stability limit, and ~hat the
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collective pitch is quite important. The effects of collective pitch

shown in Figures 50 through 5L also include those of the corresronal:n.

amount of cyclic pitch required to remove first harmonic Ilaprins moticn,
as shown in Tables VII and VIII.

The reduction of rotational tip speed at 332 knots beyona the min-
imum values shown in Figures 50 through 54 was prevented primarily by
rapidly rising torsional response. Rapid changes in the other tlade re-
sponse channels were also taking place. The chordwise bending response
contains a large S-per-revolution component at a rotational tip speed
(RgR) of 500 feet per second, due to resonance with the first chordwise
bending mode, as can be seen from Table LXIII. Inspection of Tables XXXI
and LX shows small peaks in harmonic components of flapwise bending
response, which correspond to the flapwise bending natural freguencies.
None of these flapwise resonances caused an important increase in flapwise
blade stress for the lightly loaded rotor.

The effects of approaching the retreating blade aercelasti. ..mit or
torsional divergence boundary by reducing rotational tipr speed are sradual,
except for chordwise bending resonances. The rate at which bliade response
changes with rotational tip speed also increases gradually.

Classical Flutter

Figures 55 through 59 show the effects on blade response of in-
creasing forward speed at a constant rotaticnal simulated tip speed (QSR)
of T00 feet per second, with relatively low collective pitch settings.

The pairs of curves identified by the various symtols define the maximunm
and minimum blade response during a typical rotor revolution. The changes
in blade response with forward speed were very gradual with tie 5 rercent
and 30 percent chord center-of-gravity blades, and no dramatic iuncrease &
response was noted with the 35 percent chord center-of-gravity blace until
the sudden onset of violent instability. Note that the fixed-azimuth
classical flutter boundary for this blade at a simulated tip speed (figR)
of 700 feet per second was at a simulated forward speed of only 20 knots.

The increase in torsional and chordwise bending response for ine 30
percent chord center-of-gravity blade was mainly at a frequency of b
cycles per revolution, as shown in Tables LV and LVII.

Stall Flutter

Figures 60 through 63 show the effect on blade response of increas-
ing collective pitch at various constant forward speeds and rotational
speeds. Without first harmonic flapping, the effect of collective rpitch
change predominates for the blade lag and torsional responses. Ly con-
sidering Figures 17 and 62, it can be seer that, as collective pitch is
raised, considerable torsional blade response occurs even before a region
of negative damping is encountered. This is a result of a torsicnal im-
pulse due to retreating blade stalling. The torsional response tends to
reach its maximum at a collective pitch of approximately 12 degrees for
the rotor operating conditions tested. Examination of Table XXXVIII shows

63



that the blade torsional response increase occurs in the first, fourth,
fifth, and six.h harmonics.

The effect of forward speed is felt indirectly as a gradual lowering
of blade steady lag and cone positions. This is a result of increased
cyclic pitch requirements to remove first harmonic flapping at higher
forward speeds. 2

Figures 64 through 67 show the effect on blade response of an in-
crease in forward speed at constant collective pitch. The collective
pitch setting is high enough to result in retreating blade stall flutter
at the lover forward speeds shown in Figures 64 through 67. Only a lim-
ited amount of torsioral response data were obtained for Figure 66 because
of instrumentation failure. The increase in torsional responses shown for
the test points at forward speeds (Vg) over 320 knots was due to retreat-
ing blade excitation rather than stall flutter. The same observation is
true for the gradually increasing response measured for the remainder of
the blade data.

Figures 64 through €7 also show data, again limited by instrumenta-
tion difficulties, for the response of the 30 percent chord center-of-
gravity blade to stall flutter. The increase in torsional response of
this blade over the 25 percent chord center-of-gravity blade at the sim-
ilar condition is due to advancing blade response rather than stall
flutter.

Combined Advancing and Retreating
Blade Aercelastic Limit

Figures 68 through 72 show the effects on blade response of in-
creasing forward speed at a constant rotational simulated tip speed (QSR)
of 500 feet per second, with various collective pitch settings. At this
rotational speed, the advancing blade classical flutter boundary was at
260 knots simulated speed for the 30 percent chord center-of-gravity blade
and at 146 knots simulated speed for the 35 percent chord center-of-
gravity blade. The retreating blade static torsional divergence and
flutter boundaries were both at approximately 420 knots simulated speed.

The rise in blade torsional response with forward speed which
appears in Figure T0 is predominately a retreating blade effect, except
for the violent instability encountered with the 35 percent chord center-
of-gravity blade. This retreating blade response is visible in Figure
37(f). The rise in blade flapping response is, however, due to an advanc-
ing blade excitation, as shown in Figure 37(h). The blade chordwise re-
sponse is again due to excitation of the first chordwise bending mode. At
a rotational tip speed (QgR) of 500 feet per second, this response is pre-
dominately at 5 cycles per revolution, as shown in Tables LXIII and LXXIV.
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The effects of collective pitch and consequent blade loading are
clearly present in the data of Figures 68 through 72. This is another
demonstration of the necessity for considering the effects of blade load-
ing as well as aercelastic stability when rotor aeroelastic uperating

boundaries are determined.
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PRACTICAL OPERATING LIMITS

The practical operating boundary for a full-scale prototype of the
25 percent chord center-of-gravity blade configuration tested may be
estimated on the basis of the data obtained in this test program and on
the basis of acceptable full-scale stresses.

The acceptable full-scale stress must, of course, be based on the
blade material utilized, the configuration of the actual blade structure,
and the desired fatigue life of the blade. For an aluminum structure,

+ 4,000 pounds per square inch vibratory shear stress and + 8,000 pounds
per square inch bending stress may be tolerated for a finite time. These
stresses correspond respectively to + 34 inch-pounds in torsion, + U8
inch-pounds in flapwise bending, and + 100 inch-pounds in chordwise bend-
ing on the fiber glass model. Obviously, the full-scale rotor control
system strength and stiffness must also be consistent with the loads en-
countered. Reference to Figures 50 through 5S4 indicates that the blade
could be operated in smooth air at a forward speed of 320 knots at sea
level and a rotational tip speed (QR) of UL50 feet per second, without
exceeding the approximate stress levels given above on a one-half peak-to-
peak basis. This condition is at an advance ratio of 1.24, with an ad-
vancing blade tip Mach number of 0.89. The stress levels, however, change
very rapidly with rotor control position and loading. Therefore, the
operation of the rotor in turbulent air at the 330-knot condition is
questionable for the stress limits given above,

The instability and transient test results do, however, demonstrate
that the 300-knot forward speed, 500-foot-per-second rotational tip speed
condition is practical for the operation of this particular rotor blade
configuration. During the course of the transient response portion of
this test, a variety of rotor loadings and control positions were tested.
Examination of the data presented in Tables XV and XVI for runs 47, 55,
and 56 shows that the levels of blade elastic moment given above were not
exceeded on the basis of peak-to-peak response, either with or without the
pitch-flap coupling. The 300-knot forward speed condition applies to sea
level, and higher speeds would be possible by operating at a higher ad-
vance ratio at a higher altitude. It would also be possible to increase
forward speed by using airfoil sections suitable for transonic operation
in the blade tip region. This would allow higher advancing tip Mach
numbers and lower advance ratios for a given speed.

Examination of the data for runs 47, 55, and 56 in Tables XV and
XVI also discloses that blade stresses at 300 knots forward speed and 500
feet per second rotational speed are quite sensitive to variations in the
other rotor parameters. Selection of the proper combination of parameters
will result in blade loadings and stresses whiclk are well under the limits
given above. In general, it appears that application of forward cyclic
pitch (positive B1S) will raise blade stresses. On a compound helicopter,
vhere wings and additional propulsive devices are.present, the rotor is
not constrained to produce a unique value of lift and thrust for steady
flight at a given aircraft weight and speed. Therefore, adjustment of
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rotor operating parameters st a glven aircraft flight conditior ~- Lle
made to produce the optiium corbinaticn of rotar perform. = .4 L.aae
stress condition. The high stress conditions would tLhLern bLe sncountereg
only when necessary for maneuvering or operating in turbulent alr.

The effect of pitch-flap coupling on blade stress {s not necessarily
pronounced for rotor conditions of similar performance. At an example,
points 47-34 and 56-8 may be compared, using Table VI, Table XV,and Table
XVI. From Table VI, it can be seen that the rotor performance parameters
fur these conditions are approximately the same, with Cp/o = 0.03, Cp/o =
0.01, and Cq/o = 0.002. The 30 percent radius flapwise bending moment
meximum and minimum values are 28 and =31 with pitch-flap coupling and 29
and -28 inch-pounds respectively withcut !{t. The torsional moment range
at the 35 percent radius station i{s from .0 to -lk inch-yoewus with pitch-
flap coupling and from 15 to =12 inch-pounds without [t. TJhiv lg i c-ne
trast to the comparison previously made on page 34 btacuweer :0lne 26 o run
L7 and point 29 of run S5. These points have the Same “nuivLiLl LV,
shaft angle, and first harmonic flapping. These two yolut nuve .arge
angles of blade incidence in the reverse flow region, a c.adition wiich
causes large positive (nose-up) torsional moments. These are aggravated
by the statically unstable effect of the pitch-flap courling (r reversc
flow.

The transient and stability testing of this prograz vus carried out
with the rotor shaft rigidly mounted. The operating limit of an actual
aircraft will be affected to some extent by interacticrnc avong the rotcr,
the remainder of tne aircraft, and control inpute. Therefore, the con-
clusions of this report will be most accuraste for aircraft cunfigurations
and flight conditions with small perturbations in fuceluge motior.

The high-speed, high-advance-ratic Ei%E, 4 U Ohwsn
percent chord center-of-gravity blade corn YRl e e L, e sl lar
to those for the 25 percent chord ceater-of-gravity locstian. There is,
however, & general increase in torsional blade .oad throughour =ost 0! the
test conditions encountered. This increase in load le¢ due 0 advancing
blade excitation, which is reiatively independent of the retreating blade
effects which define the high-speed, hign-udvance-ratic ' .=mits. Thus,
moderately high torsional loads exist fcr the 3C rer-~-n. chird center-of-
gravity blade at conditions for which the 25 percent cheré center-cf-
gravity blade has low torsjional loads. An exaxmple of this ¢ffect appears
in Figure 57.

The 35 percent chord center-of-gravi:ty btlade war found %o be ur-

stable within the normal operating range of the poteor., liriner .. re, the
transition from stable to unstable operaticr ~uc sddaci., -..i i. crade@l
increase in stress as the unstable conditio: wes apprcaches. .o Dage g

L
significant with respect to the ctability test results “or tne .. fercent
chord center-of-gravity blade. Even thouch vioient !nsta' .lity was nov
encountered, the test results provide no indication of the operating con-
ditions for which this blade would become unstatle. Thus, the margin of
stability for the art center-of-gravity blade cannot be demcnstrated by

test under steady flight conditions, unless instabiliiy {3 encountered.



CONCLUSIONS

TRANSIENT RESPONSE

Transient

Response Characteristics

1.

The measured rotor blade response in the steady-state condition
following a rapid change in rotor control settings does not
differ noticeably from the response in a steady-state condition
wvhich follows a slow control change.

Except for small subharmonic lag motions, the firal steady-state
blade response ufter a sudden control change is reached in less
than U revolutions following a control change if a pitch-flap
coupling ratio (368,/38) of -1.0 is present. Witliout pitch-flap
coupling, the final steady state is reached in less than 5
revolutions.

The rotor blade bending and twisting moments and torsional
moments in the first and second revolutions following a rapid
control change can achieve amplitudes which are greater than
either pre-transient or post-transient steady-state amplitudes.
This is particularly true at operating conditions where stall-
induced tnrsional oscillations are experienced.

A pitch-Tlap coupling ratio (36,/38) of -1.0 generally results
in a reduction in the severity of blade response to rapid con-
trol changes. For some conditions, the final steady-state
flapping response is reached in half the number of revolutions
required for the rotor without pitch-flap coupling. At operat-
ing conditions near the torsional divergence boundary, the
pitch-flap coupling may cause a moderate increase in the tor-
sional moment amplitude.

Correlation of Transient Response
With Theoretical Prediction

1.

Normal mode transient analysis calculations of rotor blade
flapping response following a rapid control change agree well

in amplitude with experimental results when significant changes
in rotor 1lift are not involved. When lift changes are involved,
the agreement is poor.

The calculated first flapwise modal response agrees reasonably
sell with experiment. The steady lag angle and small-amplitude,
high-harmonic components of lag motion are not accurately pre-
dicted by the theory.
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The agreement of calculated blade torsional response with
experiment is only qualitatively good when a substantial part
of the blade is in reverse flow. The agreement of calculated
blade torsional response with experiment is poor when blade
stalling is present.

The qualitative effect of pitch-flap coupling is adequately
handled by the theory at all forward speeds.

The "heoretical effect of the azimuth position of a rapid
control input is perceptible in blade lag motion for approx-
imately U4 revolutions at a 300-knot condition when pitch-flap
coupling is not present. A pitch-flap coupling ratio (36,/238)
of =1.0 results in a larger theoretical excitation of lag motion
because of the rapid flapping response. The effect of conirol
input azimuth change is similarly larger, and this effect is
perceptible beyond 5 revolutions after the control change.

The calculated application of control input at a speed of 300
knots between azimuth angles of 0 and 90 degrees results in
significantly larger amplitude blade response than the identical
input between 90 and 180 degrees.

BLADE AEROELASTIC INSTABILITY

1.

The fixed-azimuth torsional divergence, classical flutter, and
stall flutter theories agreed with experiment only in a broad
qualitative sense under selected operating conditions.

The torsional divergence stability boundary has the correct
shape on a rotational speed versus forward speed plot. When
significant blade loadings were present, the practical operating
boundary for a given rotational speed was encountered at a
considerably lower forward speed than the predicted fixed-
azimuth torsional divergence stability boundary.

The classical flutter boundary for the lightly loaded rotor also
has the correct geometric shape on a rotational speed versus
forward speed plot. The incidents of violent instability which
were encountered during this test occurred at a much higher for-
wvard speed than the predicted fixed-azimuth advancing blade
flutter boundary for the same rotational speed. The existing
fixed-azimuth flutter theory does not include the experimentally
demonstrated effect of blade loading on the occurrence of vio-
lent instability. Therefore, it should not be concluded that an
advancing blade classical flutter boundary will always be pre-
dicted at a higher speed than the speed for the occurrence of
violent instability. The practical operating boundary was en-
countered at a considerably lower forward speed than the pre-
dicted fixed-azimuth retreating blade flutter boundary for the
same rotational speed.
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PRACTICAL

The fixed-azimuth stall flutter theory predicted the occurrence
of stall flutter for the approximate rotor conditions at which
it actually occurred. The predicted magnitude and extent of
negative damping varied in the same qualitative manner with
collective pitch as the torsional vibration components usso-
ciated with stall flutter. The amplitude of stall flutter is
strongly influenced by the strength of the torsicnal impulsive
loading. This factor is not considered in the current theory,
and therefore no quantitative prediction of the amplitude of
stall-induced torsional vibrations is possible.

Operation of the model rotor with the blade center of gravity

at the 35 percent chord position resulted in sudden violent
instabilities. It appears that these instabilities are related
to excessive torsional deflections induced by the aft center-of-
gravity locations. These deflections interfere with the cyclic
angle of attack changes which normally control and stabilize

the rotor.

The presence of a safe margin between a stable operating con-
dition and an impending aft center-of-gravity blade instability
condition can not be reliably demonstrated from steady-state
blade stress and motion measurements alone.

OPERATING LIMITS

l.

The rotor blade configuration tested with the center of gravity
at the 25 percent chord remained within practical equivalent
full-scale stress limits for a variety of fixed shaft angles and
control positions at a sea level simulated forward speed (Vg)

of 300 knots with on advance ratio of 1.0. This was true both
with and without pitch-flap coupling. The provision of pitch-
flap coupling decreased the flapping sensitivity of the rotor to
loading. Pitch-flap coupling did, however, significantly
aggravate the increase in blade torsional stress when high load-
ings in reverse flow were encountered.

The 25 percent center-of-gravity configuration tested can be
operated in still air at a simulated forward speed as high as
332 knots with an advance ratio of 1.4, without pitch-flap
coupling and without exceeding practical stress limits. The
blade stress becomes very sensitive to loading and control
position at this condition.

The limit of practical operation of the 30 percent chord center-
of-gravity blade configuration was defined by the stress level
due to retreating blade reverse flow response, and was similar
to the limit for the 25 percent chord center-of-gravity blade.
The 30 percent chord center-of-gravity biade configuration did,
however, have a cunsiderably higher vibratory stress level
throughout the general range of test conditions. Also, the
margin between the operating conditions at which data were taken
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and those for which an aft-center-of-gravity instability might
exist cannot be determined for the 30 percent chord center-of-
gravity blade.

The 35 percent chord center-of-gravity blade was found to be

violently unstable within the normal operating range of the
rotor, and would therefore not be considered for practical use.
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1. HATICS OF MODEL PARAMETERS TO FULL SCALFE

Floer

Jlass Aluminum
tararmeter Model Model
Lineur Dimensions 1/8 1i/S
hren: 1/c¢ 1722
Mase rer o inen o ran 178< l'C;
Toval Muass 1753 1/s3
tingtic Jtiffness l/LJL ;,’SL
Awular Veloelty S/ %
“inecur Velocoity 1/¢ l
*fach vumber 172 1
Froucue liumber o/h 5
Reynolzs Suvber 1/2s 1/8
Forces 1432 l/:’:2
Moments 1749 1/33
Yower 1/8c< 1/52
Zlastic Otralns 1 1
natural Frequencies e )
Accelerntions I S
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ROTOR PARAMETERS FOR TRANSIENT TEST COADITIONS
CENTER OF GRAVITY AT .25 CHORD)
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TABLE VII. ROTOR PARAMETERS FOR INSTABILITY TEST CONDITIONS
(BLADE CENTER OF GRAVITY AT .25 CHORD)

—— =

C /e Cplo Cv/o Co/or Con/® Con/®

:
2
2

+0358 00201 -,00098 ,00173 =,00018

«0306 ,00227 -,00052 ,00471 -.00022
«0268 ,00207 «00188
+0217 ,00323 «00176¢
«0169 00367 +00183

+0183 00807
+00836
+00832
+00610

GONOPIF UG PIFUONCRIW

«00816

=,00633 V0860 =,00000
00234 «00300 .00008
00239 «00461 ,00027
+0039% « 00800
«0037% 00533
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TABLE VIII. ROTOR PARAMETERS FOR INSTABILITY TEST CONDITIONS
(BLADE CENTER OF GRAVITY AT .30 CHORD)
e TAND, Dok M, » o [ 8, Cre  Cp/ ’
e - DEG  Of¢ oes " /e Cytw
STEADY 0 700 ,398 333 =3.0 &,0 3.2 +0623 ,0019 -,00087 .00272 =.00018 .00079
STEADY 0 700 417 o390 =3.8 .0 3.9 +u563 ,00222 -,00059 .00273 -.00031 .00075
STEADY 0 700 L4383 L8 4,5 a0 “eb (8L L0026 -.00018 ,00252 -.00031 .00053
STEACY W0 700 451 e3u% 8.9 w0 3.0 +us20 ,00317 ,00019 .00243 -,00052 ,00030
SYEADY .0 700 ,eo8 363 =5.1 a0 Se2 40371 00372 .00040 .00288 =,00067 .0003%
STEADY g ;g: .::7 +023  =5.3 :g :; +0327 00854 ,0009 00238 <,0007¢ ,00006
STEADY 5 506 3 0
STES Y .0 500 ,382 4.0 4.9
STEAUY .0 500 ,400 %0 Sen
STEADY 0 500 ,419 4.0 Sep
STEADY .0 500 ,43% 8.0 3.1
STEADY 0 500 .55 %0 %9
STEADY £ONTS 445 84,0 S.1
STEADY «0 852 435 4.0 8.2
SYEADY 0 W27 825 8.0 5.0
STEADY 0 408,818 8.0 S.7
STEADY .0 700 10.0 7.0
STEADLY .0 700 11.0 8.0
STEADY .0 700 12.0 8.7
STEAOY .0 700 13.0 9.3
STEADY .0 700 10,0 8.0
STEAVY .0 700 11.0 0.9
STEADY «0 700 6.0 6.0
STEACY .0 700 «.0 [1%Y
STEADY .0 700 s.0 6.0
SYEADY «0 700 8,0 S.8
STEADY .0 700 5.0 6.3
STEADY .0 700 5.0 6.5
STEADY .0 700 5.0 6.5
STEAOY £ 800 S.0 6.2
STEACY 0 800 5.0 6.2
STEADY .0 700 10,0 [
STEADY .0 700 11.0 9.2
STEAOY W0 700 12.0 10.1
STCAUY .0 700 10,0 %4
STEADY W0 500 13.0 13.1
STEADY 0 500 12.0 12.8
STEADY .0 900 12.0 13%.2
STEADY .0 500 12,0 13.3
STEAQY .0 %500 12.0 130
STEAJY 0 S00 12.0 134
STEADY «0 500 12,0 13.3
STEADY .0 %00 11.0 12,0
STEADY .0 500 8.0 9.1
STEADY .0 387 2.0 2.7
STEADY 0 33 2.0 2.8
STEADY 0 3% 2.0 2.8
STEADY 0 N6 2.0 2.9
STLADY 0 292 2.0 3.0
STEADY U 209 ,', 2.0
STEADY 0 205 2.0 2.9
STEADY W22 2.0 3.1
STEADY .0 211 2.0 3.3
STEADY .0 23 2.0 e
STEADY .0 218 2.0 33
STEADY oo 2.0 3.5
SYEADY 2ol 36 2.0 3.0
STEAOY .0 208 2.0 .2
STEACY 0 Se 2.0 ..l 3
STEaOY 0 393 w08 1,831 3.2 2.0 3.3 02249
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TABLE X. STRUCTURAL DAMPING COEFFICIENTS FOR THE ROTATING
BLADE (BLADE CENTER OF GRAVITY AT .25 CHORD)

QSR

Mode Description (ft/sec) RPM g

Flapping 300 319 .020
1lst. Flapwise 300 319 .037
2nd. Flapwise 300 319 .034
3rd. Flapwise 300 319 .038
4th. Flapwise 300 319 .0ko
1st. Torsion 310 319 .019
2nd. Torsion 300 319 .019
Flepping 500 531 .012
lst. Flapwise 500 531 .020
2nd. Flapwise 500 531 .025
3rd. Flapwise 500 531 .032
Lth. Flapwise 500 531 .035
1st. Torsion 500 531 .019
2nd. Torsion 500 531 .019
Flapping 700 743 .010
lst. Flapwise 700 TL3 .013
2nd. Flapwise 700 TL3 .019
3rd. Flapwise 700 L3 .026
Lth. Flapwise 700 TL3 .032
1st. Torsion 700 Th43 .018
2nd. Torsion 700 T43 .018
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TABLE XIV. BLADE NONHARMONIC RESPONSE

RUN-PT w DATA COMPONENTS
NO. 2 CHANNEL a b r
Q m m m
67-9 .36 14 A .2 .2
.36 8 .0 = .1
67-10 -32 c -l n2 -3
.32 8 .0 - .1 A
.€8 8 .0 .0 .1
67-11 .28 z .1 .6 .T
.28 B8 iy .3 .3
.T2 B - .2 - .1 .2
1.28 g .0 4 4
67-12 .24 4 o o2 .9 .9
24 ME. 30R .2 .5 .6
2h Mr.ieR .2 .8 -8
.24 B - .3 - .b .5
.76 MF.30R = 2 .3 h
.76 M7 18R - .8 - .2 .8
.16 8 - .2 .2 .3
1.24 Mp_30R - .4 -.1 4
1.24 MT,?_BR .8 .6 1.0
1.24 8 - .2 1 .2
68-3 13.58 Mp. 30R . =il .6
13.58 MF. 60R .6 .0 .6
13.58 Mr. 18R .9 - .3 1.0
68-4 13.65 Mr.30R .2 .6 .7
13.65 MF.60R - .1 .6 .6
13.65 Mr‘lap = -5 l.l 1-2
68-5 13.7Th Mp.30R .8 .1 .8
13.71# MF.60R .7 .2 -8
13.7L Mr. 18R 1.4 SN 1.4
68-6 13.84 Mp . 30R T - .6 .8
13. 84 My con 6 6 8
13.84 Mp. 18R 1.3 - .9 1.6
68-7 13.90 M, 30R - .6 - .8 1.0
13-96 MF-60R - .7 = -7 -9
13.96 Mr.18R - .9 -1.4 1.7
68-9 13.72 M *30R .5 b T
13072 MF.GOR nh oh 06
13.72 Mr. 18R 1.0 - .7 1.2
T4-3 9.70 Mg, 30R -5.2 -3.6 6.3
10.52 Mc.3on -19.8 -15.2 25.0
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TABLE XIV - Continued
RUN-RT 0y DATA COMPONENTS
NO. a CHANNEL a b r
m m m
Th-b 9.71 M 30R 1.0 5.1 5.2
10.52 Mc.30R -16.2 -18.6 24.6
T4-5 9.71 . 2.3 - k4.7 5.2
10.52 IR -8k 16.7
T4-6 9.71 Mc. 30R 3.6 - 3.4 5.0
10.52 Mc.30R 10.8 12.0 16.0
T4-T7 9.71 - .6 L.6 4.6
10.52 Mugjggg -12.2 - 8.3 15.6
TL-8 9.70 Mc. 30R L.6 - 1.0 k.7
10.52 Mc.30R 9.8 10.2 14.2
Th-9 .22 3 - .5 .0 S
9.72 Mc.30R 2.7 - 3.3 4.3
10.52 Mc.30R 10.1 8.6 12.3
T5-6 5.26 Mc.30R - - 31.4
75-7 5.28 Mc.30R - - 34.0
75-8 5.27 Mc.30R - - b
75-9 .35 4 .3 .0 3.
.35 B - .2 .0 2
75-10 .33 4 A .2 .5
.33 B - .3 ML .3
75-11 .29 4 .3 - .7 .8
.29 Mp. 30R - .2 .0 .2
.29 Mr.18R - .1 .6 o7
.29 B - .0 .0 b
-71 MF.30R = .2 -3 .)4
.T1 Mr.18R - .3 - .3 .5
Tl B .3 .0 .3
1.29 M. 30R .0 .5 .5
1.29 Mr.18R .5 - .2 .6
1.29 B .2 .0 .2
77-12 5.26 Mc.30R - = 8.8
77-13 5.26 Mc.30R - - 9.2
79-10 .29 14 - 11‘ - g g
.29 M - . . -
.29 F‘3°§ .0 .3 s 8
.29 Mc.30R - 2.3 1.b4 2.6
.T1 MF.30R - .3 .1 .3
T 8 1 b b
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TABLE XIV - Concluded

RUN-PT Wy DATA COMPONENTS
NO. a CHANNEL a b r
m m
T1 Mc.30R b A .5
1.30 Mc. 30R .2 3 4
1.30 B .2 .2 .3
1.30 Mc.30R .2 : 3 o
81-9 27 4 .5 i .6
27 MI‘.J.BR .1 T T
27 B | - .3 .3
.'(3 MT-J.BR = .6 .h .7
.73 B .1 - .2 .3
1.27 Mr.18R -1 E e
1.27 B - .1 .0 .1
8L-6 .50 A .5 - .6 T
.50 %'182 ol .3 .3
k.52 Mp, 18R -9 -5 1.0
4.53 Mc. 30R .9 - L.7 4.8
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Figure 3. Dynamically Scal>d Model Blade Construction.
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Figure 9. Blade First Flapwise Bending Mode Shape;
Qg R = 700 ft/sec.

10k



LGL" ? [ | f

— 1 1

—— — BLADE CG. AT .25 CHORD /

8} —-———— BLADE CG. AT 30 CHOR

—-—— BLADE CG AT 35 CHORD
| L

!

R —r |
6f——r—— S R — -
- L]
T ] [
. 1 T &
kY | ' / -
i J
r .2 , !
(7] ’ |
w |
8 I
= | |
g ° \ ¥
> | |
.
S |
|
_—

AERURENriE
| o
-6+ | \{NI Jl—*;—]

0 2 4 6 8 1.0
FRACTIONAL RADIUS, x

Figure 10. Blade First Chordwise Bending Mode Shape;
g R = T00 ft/sec.

105



1.2 -

TORSIONAL MODE SHAPE , w,,

il
R e S
S U—
'
,_———_.i‘
' T
e
i
-

(0]
{
S
[

i
{

u
{
1
1
!

f
\?\

= — — —JL — —— - - g
61— .
— —_— — ]

0 2 4 .6 .8 1.0
FRACTIONAL RADIUS, x

Figure 11. Blade First Torsional Mode Shape; QSR = 700 ft/sec.

106



EFFECTIVE COULOMB FRICTION TORQUE ., :N.-LB
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Figure 18. Experimental and Theoretical Blade Lag Angle During

Transient Conditions; Vg = 120 kn, u = 0.29,
YCG/C = 0-25.
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Figure 19. Experimental and Theoretical Blade Flapwise Bending
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Figure 21. Experimental and Theoretical Blade Torsional Moment
During Transient Conditions; Vs = 120 kn,
u = 0.29, YCG/c = 0.25.
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Figure 23. Experimental and Theoretical Blade Flapwise
Bending Moments During Transient Conditions;
Vg = 200 kn, u = 0.50, Ypg/c = 0.25.
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Figure 2L, Experimental and Theoretical Blade Flap Angle During
Transient Conditions; Vs = 200 kn, u = 0.50,

Yog/c = 0.25.
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During Transient Conditions; Vg = 300 kn,
M =1.03, Yog/c = 0.25.
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Figure 31. Concluded.
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32. Theoretical Blade Flap Angle During Transient

Conditions; Vg = 300 kn, v = 1.03, Yog/c = 0.25,
Control Input Applied 3/L Revolution After
Experimental lnput.
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Figure 33. Theoretical Blade Torsional Moment During Transient

Conditions; Vg = 300 kn, u = 1.03, Y /c = 0.25,
Control Input Applied 3/L Revolution After
Experimental Input.
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Blade Recronse Versus Azimath During
Retreating blade Aeroelastic Limits 'I‘est(i)ng'.
Yog/e = 0.25, ag = o.g°. ajg = by, = 0.0,
Vg = 332 kn, Gc = 2,0%.
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Figure 3L. Continued.
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Blade Aeroelastic Limits lesting; Yoq/c = 0.25,
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Figure 36.
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(i) Vg = 186 KNOTS , Q4R = TOOFT/SEC , u =0 45, Ay = 3.0°
] ]
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V Y ¥ \ T
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Figure 36. Concluded.
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BLADE LAG AMNGLE , [ ,DEG

BLADE LAG ANGLE , [ . DEG

(a) vy = 259 KNOTS , Q4R = SOOFT/SEC , u =0.88, &y *30°

(TWO SUBSEQUENT REVOLUTIONS)

+ i .

RUN 75, POINT 4
" [ “ -

+] - |
(b} Vg = 332 KNOTS, Q4R = S500FT/SEC , u =1.13 , Ay* 3.0°
iTWOT SUB'SEQUYENT YREVOILUTIéNS) } ! : RUN]75, LOIN% 7 ‘I
D S PRSI BN, T ¥ S B e e e S
A — /- S W[ | | | I | i |

160 240
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AZIMUTH POSITION, ¢, DEG
Figure 37. blade Reiponse Versus Azieuth Uuring Advancing
Blade Aerce.astic Limits Testing;, Yoo/c ® (.25,
2 ® 0.09, a1, v by, ® 0.0%, igh = ggO ft/sec,
o L.0°,
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(c) Vg = 259 KNOTS , Qg R « S00FT/SEC , u *

0.088, Ay *30°
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FPigure 31. Coatinued.
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(6) Vg o 259 KNOTS , Q R « BOOFT/SLC , » + O 08 Ay * 30°

-20

TORSIOMAL MOMENT , My 00 . I LB

-40
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AZIMUTH POSITION, ¢, DEG

Figure 37. Continued.
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(g) ¥ ¢ 299 KNOTS , QA » SOOFT/SIC . » * O 80 B¢ * 30°

( TWO SUBSEQUENT RAEVOLUTIONS) RUN 75, POINT 4

* v *

. L] . L} . . ® . . [ .

(D) vg o 332FKNOTS , Qo ¢ SOOFT/SEC , u ¢113 , 89°30°
‘ v
{ TWO SUBSEQUENT REVOLUTIONS) RUN 73, POINT 7

- - - - - -

0 40 80 120 160 200 240 280 320 360
AZIMUTH POSITION, ¢ , DEG

Figure 37. Continued.
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Figure 37. Concluded.
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BLADE LAG ANGLE , { ,DEG

BLADE LAG ANGLE , {, DEG

(@) Vg =138 KNOTS , u =033

4 1 1
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Figure 39. Blade Response Versus Azimuth During Advancing

Blade Aeroelastlc Limits Testing, Yog/c = 0.35,
S—OO,Bls-bls-OO,ﬂR T00 ft/sec,

8, = 14.0°,
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Vg = 138 KNOTS , u = 0.33
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Continued.

Figure 39.
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TORSIONAL MOMENT , My o q . IN.-LB

TORSIONAL MOMENT , My o . IN.-LB
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Figure 39. Continued.
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BLADE FLAP ANGLE , 8,DEG

{h) Vg = 138 KNOTS , u ¢+ O 33

BLADE FLAP ANGLE, 8 ,0EG

(TWO SUBSEQUENT REVOLUTIONS )

RUN 83, POINT 3

. 3 . . e
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AZIMUTH POSITION, ¢ , DEG

Figure 39. Continued.
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(i) Vg + 138 KNOTS , u = O 33

w ' T
(TWO SUBSEQUENT REVOLUTIONS) [RUN 83, POINT 3

- t- -4 4 ‘.,.‘.._ g el - S - g - . . e -
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40
{TWO CUBSEQUENT REVOLUTIONS) RUN 83, POINT 5§ |
— 1—- --d‘»———-w — e - + - e d + - - - - . - .- 4 -—
20 -

(o} 40 80 120 160 200 240 280 320 360
AZIMUT<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>