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This report deicrlb«« the rvtulU of • ft pro§rm whu-i» WM r«f- 
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investigation of rotor wake eharaeterietics end yew effeeta 00 rotor por- 
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contract was monitored for USAAVLAB6 by Mr. Patrick Caocro. 

The test planning, analysis, and discussion pertaining to the rotor 
transient investigation presented in this report were the work of Mr. 
Lawrence J. Bain.   The similar tasks which pertained to the aeroelaatle 
instability portion of the test progrem were carried out by Nr. n^artoa f. 
Niebanck. 
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harmonic in dynamic data (where P is an integer), 
in.-lb or deg (as stated) 
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a cosine part of a discrete frequency component in the 
dynamic data 

a. longitudinal component of blade first harmonic flapping 
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blade low at i|) = 0°) 

Las flapping component a^- for the initial steady part of a 
transient data point, deg 
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cRM/a rotor rolling moment coefficient-solidity ratio, 
Cm/a » RM/TrR3p   {nR)2o 

c blade chord, ft (unless otherwise stated) 

D rotor drag force, lb, positive rearward 

DEL''A 3 computer symbol for pitch flap coupling angle, deg, 
DELTAS * «: = arctan  (-3eo/3ß) 

£ Young's modulus, lb/in.2   (for the fiber glass blade 
bending, E » 2.25 x 106 lb/in.2) 

En "A"  actuator extension (degrees A,    vhen B.    and 6    are zero) 1 Is Is c 

E- "B"  actuator extension (degrees B^s vhen Ais and 6C are zero) 

£^ collective follower position  (degrees of collective pitch) 

e base of the system of natural logarithms 
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Mc.SOR blade choräwise bending moment at 0.30R,  in.-lb, positive 
for rearward bending 

H- j^Qp blade torsionul moment at O.IÖR, in.-lb, positive for nose- 
up twisting 

^T.SJR blade torsional moment at 0.35R, in.-lb, positive for nose-up 
twisting 

m an integer 

M actual rotor rotational speed, rpm 

n an integer 

0f6*R computer symbol for simulated rotational tip speed, 
(n8R), ft/sec 

P an integer 

PM rotor pitching moment, positive nose up, ft-lb 

Q rotor torque, positive for motor driving rotor, ft-lb 

Q.. conversion coefficient for the transformation of actuator 
positions E^, E2, E3 into control inputs Ais, Bjs, and ec 

q-p^ amplitude of the Pth flapwise natural mode contribution to 
the nth flutter mode 

qap amplitude of the Pth torsional natural mode contribution 
to the nth flutter mode 

R rotor radius, ft (unless otherwise stated) 

R. amplitude ratio of successive cycles of a damped vibration 

R physical equivalent of calibration signal,  in.-lb or deg 
(as stated) 
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RP amplitude of Pth rotor harmonic in dynamic data (where P is 
an integer), in.-lb or deg (as stated) 

I 

• 

RS average value of dynamic data, in.-lb or deg  (as stated) * 

r distance along a rotor radius, in. (unless otherwise stated) 

r resultant amplitude of a discrete frequency component in the 
dynamic data, in.-lb or deg (as stated) 
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THEC 

t 

V 

Vs 

WD 

WFP(x) 

Wjx.t) 

VI.) 
Wo 

ratio of full-soal« to model lit« 

a time interval of arbitrary itngth. tao 

computer ayubol  for collective pitch (ftc)( «1«€ 

time, sec 

actual forward speed, kn 

simulated foivard speed, kn 

Instantaneous value of dynamic data, in.-lb or dag (aa stated) 

flapvise blade deflection as a function of fractional radius 
for the Pth flapvise natural node, normalized to unit tip 
deflection, in. 

flapvise blade deflection for the nth linear coabinatioo 
(nth flutter mode) of flapvise natural modes, in. 

amplitude of w
n(x,t) at the blade tip, in. 

average of digital tape values from a dynamic aero point 

WR average of digital tape value« from a "HCAL" calibration 
record 

WT individual data value on the digital tape 

WTp(x) torsional blade deflection as a function of fractional radius 
for the Pth torsional natural mods, normall*ed to unit tip 
deflection, rad 

Wz average of digital tape values f-om a MZCAL" calibration 
record 

x rotor fractional radiua, x " r/R 

i rotor side force, positive to starboard, lb 

YCQ/C blade center-of.gravity position aft of tlade leading edge, 
divided by blade chord 

ZETA computer symbol for blade lag at hinge, dsg 

ac rotor control axis angle of attack, 4eg,oc • 0«  - b^, 

Of fuselage lugle of attack, deg 

a3 shaft angle of attack, deg (for this test, «f ■ o,) 
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ß blade flapping at hinge, deg (unless otherwise stated) 

Aals increment in t^f applied during a transient condition, deg 

Abia increment in b^g applied during a transient condition, deg 

Aec increment in ec applied during a transient condition, deg 

A^ increment ^f i|( between digital values of dynamic data, deg 1 

*3 pitch-flap coupling angle, deg,63 = arct8ui(- 360/3ß) 

C blade lag angle at hinge, deg „ 

QJJ. critical damping ratio of blade torsional mode from stall 
^ flutter calculations 

CCF critical damping ratio of an aeroelastic mode from classical 
flutter calculations ' 

60 blade pitch angle with respect to the plane of rotation at 
the control horn, deg, e0 * Qc - Al8 cosij; - B^j sin^ - ßtan C3 

ec collective pitch, deg 

6 collective pitch for the initial steady part of a transient 
data point, deg 

6    (x,t) torsional blade deflection for the nth linear combination 
(nth flutter mode) of torsional natural modes, rad 

? (l.) amplitude of een(x,t) at fcUa blade tip, rad 

X uniform inflow velocity divided by rotational tip speed 

X real part (decay) of the eigenvalue for the nth aeroelastic 
mode from the classical flutter calculations 

ti advance ratio y = Va/n8R ■ V/OR 

Sa3 integrated stall flutter torsional damping parameter 

p air density, slugs/ft3 

a rotor solidity a ■ bc/irR 

t phase angle of a discrete frequency component in the 
dynamic data, rad 

4    (1.) phase of flapwise motion at the blade tip for the nth 
aeroelastic mode, deg 
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4) a(l') phase of torslonal motion at the tip for the nth 
aeroelastic mode, deg 

azimuth position of rotor blade, zero over the tall, and 
increasing In a counterclockwise sense as seen from above, 
deg 

ft actual rotor rotational speed, rod/sec 

ns simulated rotor rotational speed, rad/sec 

ftgR simulated tip speed, ft/sec 

u) frequency, rad/sec 

üJJJJ discrete frequency of an amplitude component present in the 
dynamic data, rad/sec 

un frequency of the nth aeroelastic mode from classical flutter 
calculations, rad/sec 

ü>r stall flutter frequency (assumed equal to the blade first 
torslonaj. ucitural frequency), cps 

SUBSCRIPTS 

1 Imaginary part of a complex quantity 

r real part of a ccmplex quantity 

v vibratory amplitude of dynamic data 
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INTRODUCTION 

ROTOR TRANSIENT CHARACTERISTICS 

Helicopter response to control Inputs depends on the rotor blade 
behavior during and following the Input.    If the control input is rapid, 
blade response .nay become greater th^u 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 following a 
control change la some indication of the time required to reach a steady- 
state condition following a sharp 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 calculation of rotor transient 
response. 

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

Samples of the transient data obtained during this test program were 
compared with theoretical data which was calculated by the method of 
Reference 1.    The transient behavior of the dynamically scaled modal was 
measured at simulated forward speeds up to 300 knots with and without 
pitch-flap  -oupling.    A variety of control inputs were investigated, in- 
cluding pure collective inputs, pure cyclic Inputs for various «mount» of 
longitudinal and lateral flapping, and various combined cyclic and collec- 
tive Inputs. 

AEHOELASTIC INSTABILITY 

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

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

The aeroelastic theories of rotor blade Instability vary widely in 
complexity.    Reference U describes a simple tors ion-flapping static 



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 blade differential equations of flutter 
motion.    Finally, the method of Reference 1 is a timewise, 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 will 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 aeroelastic 
stability theories for torsion»! divergence, classical flutter, and stall 
flutter are described.    The results of applying these theories to the 
dynamically 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, which may not be suitable for analysis with discrete-azimuth 
theories.    These instabilities arose suddenly, with no perceptible warning 
from blade stress or motion measurements that an unstable condition was 
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 U0«000 pounds gross weight.    Figure 1 depicts the 
model mounted in the 16-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 
drawing of the model.    It is important to note that the rotor, rotor drive 
system, and rotor control system were all mounted on a six-component strain 
gage balance, which was itself mounted on the basic keel structure of the 
model.    The entire model was 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 was located at a fractional radius 
of 0.0555.    The lag hinge was 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 (63).    This parameter was set at ^5 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 was available for measuring fuselage aerodynamic 
loads, although this capability was not needed  'or this test program.    The 
fuselage frontal area was 1.25 square feet, and the total fuselage length 
was 9 feet. 

DRIVE SYSTEM 

The rotor was powered by a variable-speed 19-hor8epower 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. 



OOMTROL SYSTEM 

Rotor 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 (Ais), longitudinal cyclic 
pitch (Bj8),  or collective pitch (ec).    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 apply 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 seeded 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 tue blades was changed from the normal 7:5  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.U6 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 5.8U 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 S^J and 5-03 respectively. 



The blade-distributed mass and itiif nesa properties are shown in 
Figures 1+ and 5.    The addition of the trailing edge weights resulted in 
only a small change in blade mass per inch of span.    The torsional mass 
mcment 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. 

■ Discussion of Blade Dynamic Scaling 

The blade flapwise,  chordwise,  and torsional stiffnesses were scaled 
so that they were  one-fourth as stiff 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 operating 
speeds. 

The effect of dynamic scaling on various rotor parameters is sum- 
marized in Table I.    The dynamically similar blades whose properties are 
listed in Table I are the fiber glass blades used for this test, and an 
aluminum 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 cfkLculated.    The calculated uncoupled 
natural frequencies  are presented as  a function of rotor rpm in Figures 6, 
7,  and 8.    The results  sure 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 l.OUl» and 0.309 cycles per revolu- 
tion respectively.    The addition of the trailing edge weights had a neg- 
ligible effscL on the flapping and lagging natural frequencies.    The first 
uncoupled flapwise bending, chordwise bending,  and torsional mode shapes 
ore plotted in Figures 9,  10, and 11.    The trailing edge weights bad, 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.     In order to study the natural vibration of the 
blade with the flutter program, the air density was set at an inficltes- 
imally small value.    The output of the flutter program was a new set of 
natural  frequencies, with inertial coupling considered.    The nodes corre- ^ 
spending to these frequencies were calculated as linear comb1netions of 
the input uncoupled mode shapes.    Expressing this concept mathematically, 
a coupled modal flapwlse deflection at an arbitrary fractional radlu* is 
given by 

V^-KlnV** * WF2(X) + 0F3nWF3(x) * VUnV^l^V (l) 

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

Wx.t)  -[qein WT1(X)  ♦ qe2n WT2(x)] COSV (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 la 
the above equations refers to a particular coupled mod». 

The frequencies of the coupled nodes are given In Table II; note 
that the coupled modal frequencies are quite close to the uncoupled modal 
frequencies. 

The contributions of each uncoupled node to the coupled natural 
modes are given In Table III  for rbe blade i/lth the center of gravity at 
the 30 percent chord.    Also shown in Table III are the corresponding 
resultant blade tip motions.    Siallar results are given io Table IV for 
the blade with the center of gravity at the 33 percent chord.    The last 
two columns in these tables are the blade tip notion amplitudes during 
natural vibrations.    Note that   .h* nodes are normal 1 zed to a flapwlse tip 
vibration of approximately 1 inch or a torsional tip vibration of '   radian. 

The  flapwlse and chordwise natural frequencies  increase markedly 
with rotor RPM, while the torsional natural frequencies are affected very 
slightly.    This familiar result causes torsional and certain flapwlse 
nodal frequencies to be equal at certain rotor rotational speeds.    When 
coupling is present, as In the blades used for this test, the relative 
anounts of flapwlse and torsional notion in a given node will change 
markedly as the rotor speed for equal flapwlse and torsional frequency is 
approached.    This is evident in the resulu presented in Tables III and 
IV.    Operating the rotor at a speed for a flapwlse and torsional node 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. 
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Static Load Calibration 

Each of the lMtr««nt«4 blad«s uaad In this tast was aupportad 
a« a eaDtllavar, koovn itatle loads war« appllad In tba flapvla« and 
ohordwlsa dlractloni, and tha tip laflaetlon was notad.    Th« bladat 
war« than loaded with known tortlonal eouplai, and th« blada twla»- 
Inf daflaotloo was obcarvad.    This proe«dur« ivlatad knowu loads to 
oaDtll«v«r tip d«fl«etlons.    Th« calibration with r«sp«ct to tb« 
strain gac« b«ndlaf and torslonal bridges was conv«nl«niiy carrl«d 
out by «pplyln« known eantll«v«r d«n«etlons and by obsarvloc tb« 
output of tb« InstnMntatloo.    By using tb« load-d«flactloo rela- 
tionship, tb« output of tb« strain gac« lnstruB«ntatlon was rclatad 
to local blad« b«ndlnf and twisting aoaants. 

Structural b—nlna and »atural rr«QU«ncy 

Th« structural daaplnd, static natural rr«qu«ncl«s, and hing« 
b«arlng friction of tb« aodol bladas wtr« d«t«mln«d by t«st on th« 
nonrotatlng bladas.   Tb« Infonatlon was obtalnad by baoglng tb« 
blad« ««rtleally on Its bearing» In tb« rotor baad, with tba lag 
das^ar dlaconnacUd.    A vibratory force was applUd wltn a varlabl« 
rr«qu«noy pulsating «Ir Jat.    fi,«qu«ncy was varlad and tba blad« 
raspoos« oot«d by monitoring strain gag« output on an oaclllograpb. 
•heti a raaonant paak was «ncount«r«d( th« air Jat was Ustaoia- 
naously lnt«rnipt«d, and tb« decay of vibrations was reeordad on tb« 
oscillograph.    Prsquancy and structural dsaplng v&lurs war« obtalnad 
fro« th« d«c«y records.    As  indicated on th« results tabulated in 
Table V, data was not obtained for all the listed aodas of each 
blad« t«st«d.    Enoufb data was obtained to permit evmlumtlon of the 
effects of structural damping on tba wind tunnel test results. 
Comparison of the test fr«qu«ncl«s with the calculated static fre- 
quencies In Table II shows that aatlafactory agreement exists.    The 
blad* binge bearing friction under light load was obtained by record- 
ing tb« decay of blad« motion as it was allowed to swing on its 
bearings in tba rotor bead, while suspended vertically.    Examination 
of the decay records sbowad that blade pendulum motion suddenly 
ceased when the amplitude decayed to a certain level, indicating 
that damping was of a Coulocb rather than a viscous type.    Following 
the blade swing tests, similar tests were performed with the blade 
replaced by a pendulum loaded with various weights.    The radius 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 
pendulvn to the equivalent of centrifugal force at full RPM, but the 
loadings used were sufficient to establish the bearing friction 
coefficient.    Polloving the pendulun tests, the blade flapping 
bearings were removed from the rotor head and mounted in a special 
fixture, which permitted blade swing tests in the sane set of bear- 
ings in the flapwise and chordwise direction.    This final test was 
performed to demonstrate whether or not aerodynamic damping had any 



•pprtclablt effect on UM •I»UC bl«d« daapin« t«st«.   Tbt rciults 
of th« blftd« tvlng «nd p«nduluB Usti AT« pr«ttottd In Figure 12. 
The effective Couloab friction torque VM calculated froa the dec*y 
recorde by ujing the known blad« sue propertieo and by Mivainf 
tbnt all ehangos in •nplltude were enusod by elnatienl Coulomb 
frietion. 

The '.lad* daapln« data obtained for the nonrotatin« case auat b« 
oouidarad in taraa of its «fftet on tb« rotating bind«.   Tbt 
prisary -»rfeet of blade rotation it to greatly reduce tb« ngt.'.r- 
leane« of itruetural daaping on blada flapping and banding sodas. 
for this raaaon» tb« seattar «vidtnt in tb« blad« static dating 
■«a«ur«a«nts can b« eooaiderad uniaportaot.    This subject will be 
diseusssd in gr«at«r d«tail undar th« roport subbsading on classical 
flutter. 

Nlationship of Flbar Glass Blada 
loadino to Aluainx« Blada Stresses 

Tba txtraas fiber »tresses were aeasured for known bending 
■oaents on a geaa^trieally siailar aluBinta aodel blade, and the 
torsiooal streoses were neasured at tpar «id-chord for known twist- 
ing couplet.    These stresses would be the saae on a gscaetrically 
similar fUU-eeale prototype 8 tiaes larger than the aodel, under 
bending aoaents and twisting couples 8' tiaes as large.   The siailar 
loads applied to the fiber glass aodol to produce the psae bending 
and twisting deflections are one-fourth thoae applied to the 
aluainua aodel.    This provide« an equivalence relationship between 
fiber glass aodel bending and twisting aoasnts and aodel and full- 
scale aluainua blade stresses under dynsBlcally siailar operating 
conditions.    Thus« 60 inch-pounds of flapwise aoaent on the fiber 
glass aodel corresponds to 10,000 psi stress on the aluainua blades. 
Siailarly, 12$ inch-poundr of cbordwise aoaent and 85 inch-pound» of 
torsiooal aoaent correspond to 10,000 psi stress. 



TMT .^QCmJitt |B MITIAL Q—MBM 

In %ddiUoo to «etual d«i« points. Mcb wind loan«! mo ooMl«t«4 of 
cftllbratioo r«cor<to, otttie toro polBto» and iynmlc toro polot«. 

Prior to tb* start of ••eb wlod tuna«! no, • »«rloo of eallbrotloo 
rooords WM outoaotieolly ploeod oo «oeb Mcawtle top« dot* obooool.   Tb« 
••riM eooolftod of o rveord of ftoro «Uctrleol lopwt, * rocord of koovn 
•lootriool ioput woleb eorr*«pood«d to • trwwdueor output for o koovn 
pbytlcol quootlty, «od % roeord of troMdue*r output fro« tb« aodol witb 
tbo rotor •toticoory nod too wlod tuoool off.    In lotor dlneuasloo* of 
dot« roductloo, tb«M eidibrottoo rocwrdn will b* roforrod to M MZGALM» 
"RCAL". nod "XCAL" rocorda rotp^tlvoly. 

Wboo tb« collbrotloo rooordo wort coopUt«. tb« «totle i«ro polott 
u«r« obtolood.   Tb«M «or« dato racord« tak«n vltb tb« aod«! rotor 
■totlooory aod tb« wlod tuooal off.    Poi   ?«««• wb«r« aodal ancla of nttnek 
wo« to b« v«rl«d durloc tb« ruo( ttatle toroi ^«r« tak«o at positiv«, 
aaro, «od o«fotlv« «nfltt of ottoek.    Tb««« dot« w«r« ■ J«I prlaarlljr to 
provld« w«lfbt tor« oorroctloo« for rotor bol«oe« dsto roduotloo. 

Foliowiof tb« «totlc toro polott» tb« rotor wot brou^bt up to tp««d 
•od tb« dyoasle t«ro polott w«r« tok«n.    Tb««« doto w«r« toboo wltb tb« 
viod tuoo«! off ood tb« rotor ot t«ro cyclic «od eolloctlv« pitch.    Uodor 
tb«t« eoodltloot* blade flapplo«, b«odlo(, «od tortloooi loau^ngt w«r« 
coo«ld«r«d ««ro.   Tb« dyna&le t«ro doto provldod • pbytlcol ttro r«f«r«ne* 
for ooot of tb« doto cbooo«!«. 

After tb« dyntolo t«ro wot obtolotd, tn« wlod tuoool wot tum«d oo 
ood tb« oetuol doto polot« w«r« t«k«o.    At tb« oonclutloo of tb« run, o 
flool dyntalc stro, o ttoood t«t of ttotlc ztrot, ood o ««cood ««t of 
c&llbrotloo roeordt wer« tok«D. 

During tb« lest, c«l«ct«d djmtBlc doto ebonnclt w«r« aooltorod on an 
OBcllloscope to deteralr.e  tb«t blod« aoaeiit  limits w«r« not exceeded.    All 
dyneolc channel» could also be displayed oo an otclllogropb for oo-lln« 
operational checking.    Provision wat  alto sad« for ot-lio«  frequency 
analysis of dynanic dtta.    It wat «xp«cted that intpection of tucctttive 
on-line spectra would reveal incipient inttability before dangerous con- 
ditions were reached.    In practice, it wat found '.hat dangerous  insta- 
bilitles could be encountered very suddenly.    In most cases, no appreci- 
able excitation of the incipient unstable mode was present before the 
dangerous  condition was entered.    The on-line frequency analytit equipment 
did indicate that certain expected frequency 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 '•'    Vs = 120, 200,  300 knots 

Shaft Angle of Attack af = -8, -1+,  0,  k, 8 degrees 

Collective Pitch 6c = 0 to 12 desrees 

First Harmonic Flapping als = -8 to +U degrees 

b^g = -k to +2 degrees 

Seventy-nine separate 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-1+ 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 steady-state operating condition was established, 
and «tynamic and rotor balance data were taken in the normal 
way. 

2. The transient increment controls for Aec,  AAis,  and ABls    were 
set for zero increment. 

3. The transient control switch was turned on. 

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

5.     Dynamic 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 was 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 

(c) 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.    Rotor balance data for the post transient steady-state 
condition were recorded from the strain indicators. 

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

INSTABILITY TESTING 

Advancing Blade Aeroelastic Limit 

Each of the blade configurations was operated at a simulated rota- 
tional tip speed (ngR) of 700 ft/sec.    The collective pitch was  left at a 
constant setting, while 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 lh.    In the case of the 23 
percent chord and 30 percent chord center-of-gravity configurations, the 
tunnel speed was limited by excessive model vibration.     (Figure 33 shews 
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 
was 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 th^ 30 percent chord center-of-gravity 
blade and the 35 percent chord center-of-gravity blade were also found in 
a similar manner at a simulated rotational tip speed (nsR) 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 wa;   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 U6.) 
Post-test analysis of the data taken imnediately before this incident 
showed a relatively small amount of random nonharmonic blade motion and 
stress. 

Retreating Blade Aeroelastic Limit 

The three different blade eenter-of-gravity configurations were 
operated at high tunnel speed, and aata was taken at constant collective 
pitch and zero first harmonic flapping for successively lower rotational 
speeds, as shown by the right-hand vertical rows of points in Figure Ik. 
Advance ratios (Vs/nsR) of approximately l.k were reached at a simulated 
forward speed of 328 knots with the 25 percent chord and 30 percent  chord 
center-of-gravlty configurations.    The limitation to further reductions in 
rotational speed was due to Increasing torsional stress.    (Figure 3U 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 motions 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-gravlty 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-gravlty blades 
were operated at simulated speeds of 120 knots, ihk knots, 168 knots, and 
200 knots.    The simulated rotational tip speed (ngR) was kept at 700 
ft/sec, and blade first harmonic flapping was kept at zero by using 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 U3 shows sample data fron this part of the 
test.    The superimposed time history for two successive revolutions is 
also shewn.) 

12 



The behavior of the 35 percent chord centep-of-gp»vlty blade vas 
again dramatically different fron the other two configuration!.    Atteapts 
to raise the collective pitch past 7 degrees at a Bimulated forward speed 
of only 120 knots and a simulated rotational speed of 700 ft/sec resulted 
in still another violent instability.    Time history data of blade loadings 
and motions were obtained with the tape recorder as the wind tunnel was 
shut down.    (These data appear in Figure i»7.)    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 Aeroelastic Limits 

The 25 percent chord and 30 percent chord center-of-gravity blade 
configurations were operated at forward 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 
available from the rotor control system.    It was possible to operate the 
rotor with zero 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 operated at a 
simulated forward speed of l80 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 lU, 
until rotor 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 
approximatej^y 1.6 were reached during this part of the test. 

Combined Flapping and Retreating Blade Aeroelastic Limit 

The 25 percent chord and 30 percent chord center-of-gravity blade 
configurations vere operated at gradually increasing simulated forward 
speeds between l80 and 328 knots, as shown by the lower rows of points on 
Figure Ik.    At each tunnel speed, the rotational speed vas 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 controllable was approximately 1.91, at a 
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simulated forward speed of 238 knots. At a simulated forward speed of 280 
knots and an advance ratio of 1.9^i control of the rotor was actually 
lost, and a retreating blade nearly struck the fuselage. Control was 
immediately regained by bringing up rotational speed. 

11» 



DESCRIPTION OF DATA AND DATA REDUCTION 

MEASURED QUANTITIES 

Tunnel Parameters 

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

Model Parameters 

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 IS percent and 35 percent of the rotor radius.    These data 
were recorded on the P.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 60T 
per-revolution sample command signal, which was electronically doubled for 
off-line analogue to digital conversion. 

ROTOR PERFORMANCE DATA 

Signals from the six-element rotor balance were manually recorded 
from Baldwin SR-U 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 appear in Tables VI through IX.    Each transient case gave rise 
to three rotor perfomar.ce readings as discussed in the Test Procedure. 
The first of these was a reading taken for the initial steady state.    The 
second was 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. 

DYMAMIC DATA 

The dynauu c data included rotor control motions, blade motions, and 
blade moments.  For the purposes of this test program, it was necessary 
to observe and evaluate a very wide range of possible rotor frequencies. 
Rotor lag motions at a frequency as low as 0.20 cycle per revolution were 
of interest, and theoretical calculations in Reference k  indicated that 
torsional frequencies as high as Ik  cycles per revolution might occur. In 
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 190 rotor revolutions of data were recorded for each trans- 
ient point. 

The dynamic data were recorded on P.M. magnetic tape and were con- 
verted off-line to digital form. The analogue to ligital converter 
sampled each of the oham. .Is at the 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 channels. Using a lower rate for certain channels would have re- 
quired an additional setup > nd additional processing tine 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 when possible. The data obtained were sufficient to fulfill the 
objectives of the prc^ram. 

Time History 

Blade Load and Motion Data 

Each time history value (WQ) at the various azimuth angles was ex- 
pressed in terms of physical units by using the following expression: 

WD - R5  (WT-WQ) ♦ Fc 
(3) 

where 

R  * A constant of proportionality, expressed in engineering units 

W^ = Average of digital tape values from the "RCAL" 
calibration record for the wind tunnel run 
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W2 ■ Average of digital tape values from the "ZCAL" 
calibration record for the wind tunnel run 

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

Fc = Optional correction value in physical units 

Hj, = An individual data value on the digital tape 

The above calculation was performed by the digital coitputer for each 
individual data value of a time history for eac^ data channel in 
each wind tunnel data point. Program options iücluded selectable 
data points and channels. The time history s«»mples extended from a 
selected startin'; zero azimuth signal to a selected ending zero 
azimuth signal. All time history 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 maximum 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. In 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 
blada torslonal response data. Since the transient time history 
sample used to prepare the tables In Appendix II was longer than 3 
revolutions, and because of occasionally appreciable random vari- 
ations in the steady-state data, the maximum and minimum values 
listed there do not always appear oi the plotted samples. 

When the time history samples were plotted and analyzed, the time 
scale was expressed In a manner that would aid In the interpretation 
of the result«?  In the case o^" the transient data, the time scale 
was selected .  terms of rotor revolutions. 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 tte model. 
Measurable response of the control system began 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 succeeoing 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  desirable to show a longer 
sample.    The plots of the two-revolutior. samples were superimposed, 
so that the possible presence of nonharmonic frequency components 
would be more apparent.     (Samples of these plots  appear as Figures 
3U through U5.)    Note that the usual symbols malting up each in- 
dividual observation in the time histories have been deleted 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 Aip 
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 £9) 
and the collective follower position (E3) were measured.    The 
desired A^s  and Bis cyclic pitch inputs were determined from the 
neasured quantities by using the following expression: 

fAiB-i        rQn   Q12   Qi3l fErj 
\*u\ =   Q21 Q22 Q23nE2r CU) 

Uc J        L 0       0     Q33J I.E3J 

The values of the Q^.  above were determined experimentally.    Time 
history values of £]_, Eg» and E3 were calculated by the program 
using Equation (3).    The above calculation was carried out by the 
program for each azimuth angle of the control system transients to 
convert B^» Eg, and E3 into the desired Als, Bl8, and ec control 
positions. 

Frequency Analysis 

The frequency analysis used to study the data of this program is 
essentially the same as the familiar Fourier analysis.    Usually, dynamic 
data are assuned to be periodic with respect to a rotor revolution.    In 
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 starting 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 
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V*) = ^ rm Cos  (uat + V)  = ^Kn Cos <%* + ^i Sin Umtj        (5) 

where m takes the values of the Integers. 

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

2T 

ffvoit) Cos «tdt = zLf51" 2 i^l    + SinjU^)T \ 
T5^ L^ 2(ü)m-u))'r 2(0^+0,) T        / 

{Cos2i%-u)T + Co82((i)n1-m)T _ 1 . 1       \1 
m\ 2(^.(0)1 2(u)m+u))T 2(um-w)T      2{^JT)\ (,6) 

,  ?T ,   v r      ^Cos 2(0). uhOT    L Cos  2 (u+uni)! 1 
ijVt) sin «tdt-i [-ami gn^Tr        + "iH^yr ir^^T 

1 \   + h   /Sin 2(a>m-u))T    - Sin 2(ü»a^)T \] .   . 

2T 

0 
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When (tf^UQ, certain terms in the above series have the following 
limits: 

LIM 

LIM   [Sin 2(yu)T-| . , (8) 

rcos 2(u)-a>m)T    _        1    "I „ 0 ,   j 
[2(u)-uffi)T 2U-üta)Tj iyJ 

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

T _ TT_        and    u^ = nui»i (10) 
" "1 

and the expressions Equation (6) and Equation (7) become the following 
with u) chosen as an integral multiple n of uy. 

1/wD(t) Coo nuhtdt - E \^fy ^^ *  S1? 2^)A 
TJ L  V 2(m-n)it      2(m*n)Tr  / 
0 

_ b /Co82(m-n)iT + Cos2(yn)    1     1  \1 
m\2(m-n)w    2(m+n)iT   " 2(m-n)T, " 2{m¥nfil\   (n) 
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ZT 
,   TUU/^N o- r f /Cos2(n-m)ir ^ Co82(n+m)ir iJWoU) Sin no.itdt = E ^ a^ ^^       +    ^^ ^ 

0 

1  1    \        /Sin2(m-n)Tr      Sin2(m-t-n)Tr\1 
2(n-m)ir ~ 2(n+m)Trj      m\2(in-n)Tr        " 2(m+n)iT      /J(l2) 

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

This gives the familiar definition of the Fourier coefficients: 

2T 
1 

a .B.i/wD(t) Cos(Ht)dt (13) 

0   2T 

an   "   2f/Vt>dt (15) 
O 

0 

It should be noted that for application tc rotor frequency analysis, 
the above results will still be rigorously correct 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),  ilh), and (13) can be obtained for 
arbitrary frequencies as veil 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 terns 
grow with 2T, while the numerators are of order unity, unless for some 
term u.-*^.    TOT these terms, as (u-<tim)T approaches zero, the results 
shown in Equations (8) and (9) will be obtained.    It is therefore desired 
that the other terms should be amall compared with unity. 

If the lowest frequencies of interest are approximately 1.26 radians 
per revolution (0.20 cycle per revolution), tents like l/2(uB+w)T are 
approximately equal to 0.01 for T of 23 revolutions. 

The v«y 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 UT^UQ, Equation (8) approaches its limit in 
an oscillatory manner and is non-zero when (um-u)T is not an odd multiple 
of n/2.    Therefore, the analysis will 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 
•mplitude of the oscillation of the term on the left side of Equation (8) 
is 0.02 when (<%-(!)) 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 f jr a specified list of frequencies.    Then the resultant 
amplitude was calculated as the square root of the sun 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 WQ 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 frequency components of a square wave.    Additional chicks 
were made by comparing the results of the on-line frequency analysis made 
during the wind tunnel test. 

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

NORMAL M3DE TRANSIENT ANALYSIS 

The Normal Mode Transient Analysis is a step-by-step timevise 
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 effects 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 arbitrsury 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 experimencal 
initial condition.    It was found possible to obtain satisfactory correla- 
tion with respect to blade shaft angle and first harmonic flapping by 
accepting small deviations between measured and calculated C^/o and con- 
trol position.    These deviations were less than 0.005 for C-Ja and 1 
degree for B^p and ec.    Deviations of 3 degrees  in Ais were experienced at 
the 120- and 250-knot simulated speed conditions without pitch-flap cou- 
pling.    Otherwise, the A^g 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 w^re calculated if there was any 
doubt that the rotor had reached a steady-state condition. 

FTXED-AZIMl/TH 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 more sophisticated methods, such as the previously de- 
scribed Hormal Mode Transient Analysis, provide information of useful 
accuracy for conventional rotors operating under ordinary conditions.    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 areas 
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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 investigations applying to fixed wings 
is the torsional divergence analysis, as explained in Reference 11. 

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 rel- 
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 fur 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 to what is normally the 75 percent  chord position.    This produces 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, torsional divergence can, of course, occur tnere as well. 

The torsional divergence analysis used to generate the stability 
boundaries shown in Figure Ik is essentially a two-degree-of-freedom 
static stability analysis, which is fully described in Reference k.    The 
first torsional natural vibration mode and the rigid blade flapping mode 
were used as these two degrees of freedom.    Aerodynamic lift 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 
lift force was assumed to act at the 25 percent chord for forward flow 
and at the 75 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 effects aid the change in torsional 
strain energy.    The result was two coupled linear homogeneous equations in 
the flapping and torsional degrees of freedom, whose determinsnt was eval- 
uated.    Combinations of forward speed and rotational speed were found for 
which this determinant was zero.    The loci of these points are the 
torsional divergence boundaries appearing in Figure lU.    Boundaries were 
established 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 for the advancing blade, 
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while 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 11. 

As with the torsional divergence analysis,  it is natural to attempt 
to apply the fixed-wing classical flutter analysis to the helicopter 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 
wakes. 

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 for 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 modes, and the first two 
torsional modes considered as degrees uf 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 divargence boundaries, the advancing 
blade boundaries slope down to the right und 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 calculations for the aft center-of-gravity blades 
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predicted advancing tlade 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 soniewbat 
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 number 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=2ccF between structured 
damping coefficient and critical damping ratio.    If structural damping is 
g • 0.02, for example,  a viscous damping of CCF

=
~0*01 is required to 

establish neutral damping.    This would shift the calculated flutter 
boundary by 2 simulated knots or less. 

It should be pointed out that the rotating blade llapwise and chord- 
wise structural damping ratio is even smaller than the measured static 
values.    This is a result of centrifugal effects, which greatly increase 
blade effective stiffness without introducing a.ny 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 Coulomt damping effects sure 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 representative amplitude for the flapping mode. 
This  amplitude was 0.1 degree at the flapping hinge.    The Coulomb damping 
coefficient was added to the structural damping obtained by using the 
static modes with the measured frequency and damping in  whe 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 
blad^ is given in Table X for three rotational speeds.    The structural 
damping of the other two blade configurations is of a similar 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 rveroelastic 
vibration.    The motion of any point on the blade elastic axis is given in 
real form by the expressions 
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(16) 

+ 
P 

(IT) 

If t. j 0, the above represent damped oscillations, which have a 
critical damping ratio given by 

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.    In terms of the nomenclature of Table XI, the tip 
motions during the various  conditions axe 

W (1., t)  = W (DO    n CF CosU t - «LJ1-^ (19) n n n nw 

6 (1., t)  = 6  (1.)© Cosdü t - * Q(l.)) (20) n n n no 

The damping (tcF^  an<i fre<luency (w/Sir)  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 mechanism of this insta- 
bility results from the tendency of the airfoil to remain unatalled 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 blade 
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 been suitable for 
a strictly analytical study, since unsteady, viscous, and sometimes ccm- 
pressihle flow effects are involved.    Experimental studies reported in 
Reference 12 have, however, provided two-dimensional data on unsteady, 
stalled flow which are the basis of a useful blade stall flutter analysis. 
Pressure measurements on a vibrating airfoil wre 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 a hypothetical torsional 
vibration in the first natural mode and frequency.    Then, the aerodynaric 
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 selected intervals.    The mean angle of 
attack for each chordwise strip and azimuth angle was obtained from cal- 
culations using the method of Reference 1 applied to the model blade.    The 
quasi-steady effects of blade stall and blade twisting were considered in 
these preliminary calculations, which were carried oub 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 5a3 resulting from the Reference 12 
calculations was converted into blade critical damping ratio in torsion by 
using the following relationship: 

^ = < R3      "2    (1^ r7,n *)2  % (21) 

The generalized mass  (Mj>) of the torsional mode was 1.185 x 10"    slug-ft2. 
The results of the blade 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 
was measured at 79 rotor operating conrlitions.    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  WPII behaved during the transient 
conditions.    The rotor blades usuallv attained the final steady-state 
condition within three or four re-vclations, without excessive overshoot of 
flapping or blade bending moments.    Time histories ol 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 ao 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 hannonic flapping 
corresponding to larger first harmonic lag motion.    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 harmonic flapping response resulting from the control change. 
The subharmonic 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 disturbanra is reflected in the 
resulting change in rate of change of flapping. 

The rotor bJ^de flapwise bending moments at the 120-knot initial 
steady-state conditions are pri&arily governed by the first   »lastic modal 
response of the blade occurring at a frequency of 3 cycles per revolution, 
ae seen in the experimental data presented in Figure 19»    The calculated 
natural frequency of the first elastic flapwise mode 1E 2.75 cycles per 
revolution.    In the case of the lateral flapping transient, Figures 19(d) 
and 19(e), no slgnlf'cant change in flapwise bending moments occurs with 
or without pitch-flap coupling.    Figures 19(b) and 19(c), however, present 
data fron two transient conditlras, one with and one without pitch-flap 
coupling.     In each of these cases a collective pitch change of A8C ■ U.O 
degrees takes place, and a change in harmonic content as well as an in- 
crease In amplitude occurs.    The moment increase occurs during 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 -aode 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.i 
response during and following the transient. 

The  flapping response during the transient  conditions at 120 knots 
exhibits no unusual behavior.    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  ure  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  absent, a large-amplitude oscillation with a high 5- 
cycle-per-revolution content occurs immediately following the control 
change.    This oscillation damps out somewhat  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 
indicates a similarity in harmonic content.    With a calculated torsional 
natural frequency of 6.2    cycles per revolution at this operating con- 
dition,  flapwise-torsional coupling with a frequency in the 5-to 6-cycle 
per revolution range would be expected with the  introduction of pitch-flap 
coupling.    It might also be expected that the torsional oscillation in- 
duced by the rapid control cnange would be damped through the absorption 
of energy in the flapwise mode.    Such a damping effect is observable in 
Figure 2.L(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,  C^/a ■   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 hl8  flapping, as shown in Figure 
20(b), induces a more severe torsional oscillation than does the intro- 
duction of positive b^g flapping.    It is not obvious, without a much more 
extensive analysis, w^y this is 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. 



CORRELATION OF ROTOR BLADE TRANSIENT RESPONSE AT  120 KNOTS 

On  comparing the experimental aata with theoretical transient blade 
responses,  several noteworthy items  are observed which would not  appear in 
a comparison of purely steady-state results.    First, the appearance of the 
subharmonic  lag motion  is predicted.    The precise 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 
amplitude  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 lift does not 
significantly change during the transient.    At the other two conditions 
shown,  the rotor lift is increased by k6 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 much 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-transiei.'t 
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 respo: 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   i 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, 
quabi-steady airfoil characteriprics used in the theory and oscillating 
airfoil characteristics as described in Reference 12.    The second char- 
acteristic ij indicated by the 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 aerodynamic effects in the theory could be ex- 
pected to Improve the degree rf correlation of »orsional monents. 



The  further comparison of the theoretical and experimental transient 
Made 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 o^ 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 sui 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-inducei 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 conditions 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-knot 
responses are presented in Figure 22.    The subharmonlc and first harmonic 
components  induced by thi rapid control change and the higher hanaonic, 
small-amplitude oscillations are all present.    The higher harmonic com- 
ponents now exhibit a lower frequency, primarily h 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- 
revolutlon 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 to vary In relation to the change In 
first harmonic 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 harmonic component through the entire tran- 
sient sequenc.    This Is evidence of the first elastic flapwise mode 
response.    Although the harmonic content does not change as much at these 



conditions as  at the 120-knot  conditions,  the peak-to-peak moments during 
the revolutions  immediately  following the control change show the increase 
over the steady-state values that was seen at 120 knots.    This is a]so 
evident  from maximum-minimum flapwise moment data presented in Tables XV 
and XVI.    As expected,  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 pit^h change.    Com- 
parison of the transient flapping motions  from Figure 2k shows the pitch- 
flap coupling effect to be  greater fov the collective pitch change than 
for the  combined pitch change.    This would indicate that the energy enter- 
ing the  flapping mode because of the pure collective pitch change is 
transmitted to the elastic modes when the 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 coefficients 
of the 200-knot conditions without pitch-flap coupling.    For the combined 
pitch change, the rotor lift is increased by 50 percent to yield a final 
CL/O of 0.075 while the rotor drag remains  small,  CQ/O less  than 0.001. 
In the pure collective pitch change case, Qi/o doubles, reaching a value 
of 0.105; while the drag, significant to begin with,  also doubles, Cp/o 
reaching a value of 0.0126.     Pull-scale wind tunnel 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 lift 
increase accompanied by a large drag increase will not result in a partic- 
ularly large stress increase. 

As previously mentioned, the flapping response at the 200-knot con- 
ditions presented in Figure 2h 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 motions 
occur.    The first harmonic flapping amplitude increases from 0.0 to 1.5 
degrees with the pitch-flap coupling and to 1*.7 degrees without pitch-flep 
coupling.    As with the similar transients at 120 knots, the final steady 
state is reached sooner with the pitch-flap coupling present.    In both of 
the conditions shown In Figure 2U, the higher harmonic  flapping seen In 
the Initial state Is not significantly affected by the control change, 
although It necessarily is a smaller percentage of the total flapping In 
the  final state. 

The torolonal moment transient responses at 200 knots, presented In 
Figure 25, are somewhat similar in character to those examined at 120 
knots, although certain differences do exist.    In general, the atulcmm 
torsional moment acplltude persists Into 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  l6 and 19 of run 53 presented In 
Table XVI.    In these two cases, the transient torsions! 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 moment amplitude.    Table VI shows that these are low- 
drag, high-power conditions.     Full-scale wind tunnel data prerented 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 knots.    At both speeds,  nevertheless, the harmonic  content of 
the torsional moment is similars  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 It  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 saune 
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 
play a role in this effect.     Harmonic analysis of the  final steady-state 
data from point 22 of run 60 and point 11 of run 5^* 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 with 
pitch-flap coupling. 

CORRELATION OF ROTOR BLADE TRAMSIENT RESPONSE AT 200 KMCTS 

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 
U-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 suggestion 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 harmonic and subharmonlc components that 
would be expected from the analysis of the 120-knot results.    The effect 
of the pitch-flap coupling is also qualitutlvely similar. 

The aost significant difference in the correlation of the 200-knot 
conditions relative to that at 120 knots lo the iaprovenent in the theo- 
retical flapwise bending manents. This is not surprising when It Is con- 
sidered that the flapwise response at the conditions let question Is pri- 
marily first elastic mode bending. In all cases shown In Figure 23, the 
calculated initial steady-state flapwise moments agree much better with 
the measured values than was the case at 120 Knots. The consistent dis- 
crepancy between tho calculated and measured transient results Is seen to 
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bt too little thAoretlcal outboard moment and too much theoretical inboard 
moment.    Thin la mot*, evident in the cosei without pitch-flap coupling. 
The implication of this diacrepency io that the aeeond elastic flapwise 
mode i'j overexcited in the theoretical enalyala.    The final staady-atate 
monienti in point ih of run '^ further confirm thia, aa the theoretical 
reaulta obvioualy contain a larger ^-cycle-per-revolutlon component th«n 
the measured reuponae.    It la not clear that improving the treatment of 
the transient inflow with azimuthal variations induced by wake effects, ss 
discussed with regard to the 120-knot correlation, wnold result in a 
higher degree of flapwise moment correlation.    It is more likely, since 
the experimental reaponae conaiats primarily of the natural response of 
one blade mole, that consideration of the time variation of uniform inflow 
would yield an Improved flapwise mcaent correlation. 

As in the i20-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 
torslonal moments. 

Considering the rotor blade flapping response to the r    jined 
collective and cyclic pitch change,  comparison of the mot"     < shown in 
Figures 2U(a)  and (b)  reveals that the calculated trans:   ,(. flapping con- 
tains an excess of second harmonic flapping and a def.1. .ency of first 
harmonic flapping.    Because second harmonic flapping is a function of 
rotor inflow (for example, see Reference II4), 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 2h{c)  and (d), 
exhibits an excessive theoretical first harmonic flapping similar to the 
results discussed at 120 knots. 

As  In the case of the 120-knot torslonal responses, the comparison 
of calculated and measured torslonal moments at 200 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 theory in the theoretical analysis. 

EVALUATION OF ROTOR BLADE TRAMSIENT RESPONSE AT  300 KWOTS 

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/O = 0.01.    These limit itJons were imposed by the sensitivity of the 
flapping and the  flapwise ai:d chordwise bending moment at this forward 
speed. 
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FlApvltt moMnt rtsponstv ar* preotnttd in flgur« HI,    la «Mb OM« 
conildcrtd, th» flapwli« aoMnti lncr*Me with th» control obwxt.    A« 
with the transUnti «t th« lov«r forvard «pctd*! th« pltoh-flap ooupllof 
causes « sort rtpld convergence to th« final ttAt«.    In tb« OMti b«vlnc 
only collective pi tob chanf«» It thould b« noud that altboucb th« final 
flapvlia Msanti ar« n«arly «qual, th« control ohanc« was it dafr««« with 
th« pUch-flap coupling and 1 deer«« without It.    Ho otb«r «ff«ots 
psouliar to th« flapwls« transient r«tpons«i are evident froa tb« data In 
Plfur« 21. 

Tb« translsnt flapping raipons« shown in ficur« 26 it siallarly well 
b«bavsd.   Tb« last revolution In each tiae history saspl« i» typical of 
th« tia« hlstorlss of all tucceedlnf revolutions.    As before, the pitch- 
flap coupling results in a «ore rapid convergence to the final staady- 
state condition.    In addition, the third hanaonic flapping, associated 
with the first «ode elastic bending, is seen to persist throughout the 
transient in tb« prwssno« of th« pitch-flap coupling,whil« without it tb« 
third harmonic flapping is noticeably supprssssd.    Tb« longitudinal flap- 
ping transisnts «how no unusual charactsriatics. 

Tb« torsional rsspoosss at 300 knots appsar in two cbaraotaristio 
forms.    At some operating conditions, th« torsional mooMnt r«spons« is 
not  milk« that prassntad in Pigur« 25 for th« 200-knot operating con- 
ditions.    Figures 29(a) and 29(b) show two such cases.    Although there 
are similarities between the signatures of these time histories and thoaa 
examined at 200 knots, the 300-knot amplitudes are much smaller.    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 ?9(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 ampli- 
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 
identical between point  T 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 ^T 
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 1*, 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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OOWttUTlOM OF ROTOR BLAPt TRAWüUJft  l<fc:n'.;i:it. Al   i^o tJimr 

Th« dtgr«« of eorrtlAtioa of tl*i» lac aotlon «t 300 knot« it 
••••nti^iiy UM SMW M thtt obt4ln«d »t tht low«r fonttrt tp«»^.    flgurt 
2^ shov* th» oaapftrlion of th« ■•Mured and oaleulattd rtsult».   Th» 
rtlfttlv« »uaiM.co of th« hlffhtr hvaonle content it «««in «vident in th« 
thsory, «od in point 29 of run 55, th« tubh«r«onio component it pr«dict«d 
by th« theory but not t«en in th« «xiuriMnttl d«t«.    Nothin« uniqu« to 
tblt foivurd tp««d it r«v«ftl«d throuch eoapariton of «xp«ria«ntal «nd 
th«or«tlc«i l«c aotiont. 

Th« conpariton of flapwit« b«nding moMnit «t 300 knott do«t r«v««x 
cert«in it«a« not «noounttnd «t th« lQw«r forward tp««da.    Figure 27 
•hows « c«n«r«lly poor eorr«lation of pro-trantiant conditions with a 
• ub»«quent improvement, in correlation a« th« trantiam raapoot« procr«tt«t. 
These retultt can be attributed to the fact that, in general, it waa 
difficult to generate a completely tatitfactcry theoretical, pre-tranaient 
condition at thit foivard tpeed.    Since the 'ixperiaental paraaeter« were 
aeroed for these conditions (6Q ■ %it ■ bla • aa " 0 degreet), the aeaaured 
retpooae la a result of unsteady effects and interference fron th« model 
fuselage.    Consequently, the compromises involved in attempt In« to theo- 
retically achieve the measured values of lift, flapping, control aettinga, 
and abaft angle did not result in a uniform degree of correlation in the 
pre-tranaient conditions.    In the cate that includes pitch-flap coupling, 
the calculated flapvlte moment it extremely small.    In the other catet, 
the response hat the correct order of magnitude but not the correct 
harmonic content.   The introduction of the control change« retultt in an 
increase in rotor loading and a contequent reduction in the influence of 
the extraneous disturbances.    Thus, the nature of the correlation follow- 
ing the control change is essentially as expected from contideration of 
the lover tpeed correlation.    In the cate of the collective pitch change 
without pitch-flap coupling, the calculated retponte it tlover 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 ubove 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 lift- 
induced inflow on rotor blade response as advance ratio increases.    In 
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th« two OM«I whvrt longUudlnftl fl«pplnf InortMnti art oontidcrad, the 
thtorttlcal rttpontt during th« rotor rtvolution that lnolud«i tu« control 
ohMgt and th« foUowln« rtvolution corrtlatti poorly with tht txptrlatnttl 
dfttt.   Thlt U dut In part to tht problem of gtntrttlnf tht oorrtet prt- 
trtoiltnt  fltpplnff, tut thU is tvldtntly not tht solt rttaon ttcauat 
rieurt 26! d) ihovt that ovtn with «n tppartntly r«tiion«blt tntry into tht 
first trtniltnt rtvolution, tht thtorttlcal flw-pln« fallt to rtspond 
rapidly tnough.    This tfftct Is oonslsttnt with tht slow rtspoott of tht 
no-pltoh* flap-ecurllni casts txasilntd at tnt lowsr spttds.    Flgurt 2d(a) 
shows that tht 300-knot cast with pitch-flap coupling dots rospood at 
rapidly to tht control chanet as dot« tht stasurtd flapping motion. 

Tht ocrrtlatlon of th« mtasu.«d und calcuiattd torslonal momtnts 
presents a new situation at the 300-k^ot conditions.    In th« abitoct of 
tht larg«-aL.plitvidt, stall-lnductd ct  illations, the mtasurtd torbional 
rtsponst is more eccurately predicted than was the case at tht lowtr for- 
ward spteda.    Except where pitch-flap coupling Is included, the calcuiattd 
ptak torslonal mcntuts, shown in Figure 29, art contlatently low, although 
the qualitative rtsponsts to the control changes are *ood.    Tht most 
rtasoneblt explanation for the low moment peaks Is that th'   rtvtrtt flow 
atrodynamic characttrlstlcs of tht model blades are not exact enough in 
tht theory.    In this situation, where the blade Is in an unstable attitude, 
a small error in Mtt curve slope, for example, will result in a signif- 
icant error in the retreating blade torslonal response.    Since the ease 
with pitch-flap coupling. Figure 29(a), does not exhibit the retreating 
blade moment peak, the correlation betwe~n theory and exoerimenl  ia 
generally good in terms of total amplitude.    Figure 29(a) shows, however, 
that the harmonic content of the measured reoponse is not attained by the 
theory.    The use of quasl-ateady aerodynamics In the theory could be ex- 
pected to produce such a result through ex^ sslve damping.    This effect 
was seen at the lower forwara speeds. 

Lome general svmunary conments 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 complete 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 during 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 t'lapwise and torslonal 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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Tb« eorrvLition of th« vransivnt rttponseb neiuiur«4 lit tb» wind 
tvion«! with tboi« oAloulatvd vuln« tb« Nonml Mod« Tr«n»i*nt Anft^yiis !■ 
not oooil«t«nt tbrougbout tb« ranf« of oporatint oondltlone oonsidtrod. 
At tb« lower forvurd «poods, tbo rwault« IndleoU that tb« Inchwioo of • 
trooslont rotor inflow, poonlbly looludlnf nontuady, wtk« induo«d 
orrecib, ;■ n«c«Biary to OAU«« tb« theory to yield a retlistic rotpona«, 
ivtioulvly rotor blad« flapping.    At tb« aore «xtrwa« iow-«p««d con- 
dltiou«, tb« addition of unotaady affaet« associated wltb blada stall 
appoara to b« a r«qulr«aont to attain a r«Monabl« degr«« of tonlonal 
roapons« correlation.    At tb« blgb«r forward ap««^, tb« moat algnlfleant 
aapaot of tb« eorrolatlon analyala la tba baalo probla« of tb«oretloally 
ganaratlnc a preopeeifled operating condition in tema of rotor perform- 
anoa, control tettinga, and angle of attack.    The high «enaltlvlty of the 
.■oiür »y a tea at advance ratio« of 1.0 and above forcea the analyst to aak 
Jud^aant on parametric value« that could be Ignored at lower advance 
ratio«. 

EFFECT OF AZIK/TH AMPLE OF COWTRQL IMPUT 

Cbang«s In rotor blade tranalent response, resulting from n varia- 
tion In the rotor atlmuth angles over which the rotor control change takes 
place,were Investigated by using the Normal Mode Transient Analysis. 
Initial ateady-state condltljaa corresponding to point 28 of run 60 and 
point 11 of run 33 were used.    The rotor control changes for the same test 
point« were modified to take place at azimuth angles 270 degrees larger 
and were uaed in the theoretical analysis.    The resulting transient 
responses are presented in Figures 30 through 33. 

The revised control inputs begin at the 2T0-degree azimuth of the 
flrat 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 13, 
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 subharmonlc 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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•iMntlally tht IMM In both OM«B by tb« «nd uf tht ■•oond transltot 
rtvolutlon.    Th« lnor«MM In fluppln« «nd tor«Ion*! «aa*nt rttpoMM ur« 
on u.o ord«r of 10 poroont in tho third nnd fourth trnosiont rvvolutioM. 
Uurinf tho actual control chnnc«« thcit rci-MM*« also diffor nifnif- 
ionotly froa thoi« folloMin« tho orifinal control chance.    At w.u tht 
flapwit« aoMnti, the flappin« and torcional aoaant sitnaturas art un- 
afftcttd thrtt or fbur revolution» after tht control chanct. 

Without tht pitch-flap ooaplin«, tht third and fourth rtvolutioo 
fl«pwict aoMnt* flappin«« «nd tortional aoBtnt rttponitt art not ai«- 
nificantly dlfftrtnt followin« tiu;tr tht tarlitr or tht lattr control 
ohtnft.    A« txptcttd, tht rttpoottt during tht firtt traositnt rtvolution 
art quitt different, and tht 0- to 90-dtsrte atiauth control c^aogt cott 
it cttn to convtrgt to tht final vtluts mort mpldly than tht 90- to 1Ö0- 
dtgree cast. 

Tht phyiieal ligoificanct of tht differtnett in tranclunt rttpoutt» 
following control changta at difftrtnt «zimuth anglts it that, in general, 
a rapid change in rotor controls will result in a difftrtr.t rttpontt by 
each Individual blade of the rotor system.    This will 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 term 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 ^ 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 phaslug 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 largp    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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AüALYHia ür  IMflTAMLITY  UäSk 

qtirtHAL maggigg 

CMb of i,f know typ«t of rotor blado InaUblUty porUooot to this 
invtitlf»tloo Is dUoutMd Mpwttoly In tho followtnt pArairapha-    It Is 
usual to tr«*t UMSO pbsnoMn« ss stp«r«u •otltlo. uslo« etrtalo appro- 
prlata slBpltfyinf asstaptlons or axparlaant»! eonditlons.   This approach 
has Isd to basic iMdorstMdln« and slapla, qualltativaly usaful BStbods. 
Iloal rotor systwu, bowavor, do not naeassarlly obsarvt tbasa assvssptions 
or rostrletions.    Por axaspla, tba violant instabllitlas axptriancad 
durinc tba taatlog of tba biadas vlth aft oantor of gravity can not ba 
olaarly plnead Into any on* of tba oataforlas of Instability to b« dls- 
cussad balow. 

Torslooal Dlvawanca 

Tha cooeapt of rotor blada torslonal divergence follows dlntctly 
fro« tba alallnr conaldarntlon for a fixad wing, as dlsoussad in Rafarwnea 
11.   Torsionnl divergence rasults froa a atntio asrodynsBlo torslooal load 
which increases In linear fashion with tha product of dynamic proaaura and 
angle of attack.     If the structure! deflection due  to tba torslonal load 
results in an incroaaa In angle of attack, a so-celled isgatlva aaro- 
dynaaic spring Is present.    Since the elastic restoring mooent resisting 
the torsional load is proportional to the deflection only, a dynaalc 
pressure which Is sufficiently high will result in a rate of static tor- 
slonal load Increase with deflection whi'h exceeds the rate of Increase 
of the elastic restoring moment.   This situation is referred to as tor- 
sions! divergence. 

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

Conventional helicopter blades are, however, mass balanced about the 
25 percent chord position of the unstalled aerodynamic center of pressure. 
This practice causes the torsional couple to remain small when 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 conditionb, the 
aerodynamic 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 center of gravity. 
Hence there is a static torsional couple caused by aerodynamic lift and 
centrifugal restraining forces whose aim 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 bladt.    The elastic axis position in the typical helicopter 
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biftd« bM llttlt influenc« on th« italic tonional mooent, btoaut« most of 
tbt rtiiitMO« to aerodynamic loauingi !■ du« to contrlfugal itlffnoii, 
which Mti at th« local blade center of gravity. 

If th« rotor blada is not mait-balanoad, th« toraional divargance 
situation can b« «noountarad on tha advancing ilde of th« rotor disc. 
Sinca dynaalc praaiura is ruoh high«r than on tha ratraating «lUe of th« 
rotor disc, a auch •mailer dioplacaaant of th« blad« center of gravity aft 
of tha Mot*)' of i resbure  It  «»quired to produc« toraional dlvtrianoe at a 
given forward apaad.    Rafaranca 1« containa additional diacusalon on heli- 
copter blada toraional divergene«, wit» nondimenaional charts or d'mer- 
gence boundaries for a wid« range of parametora. 

The liaitationa of the torsional divergence theory as applied to the 
helicopter blade are quite obvious.    Th« blade loadings are appllad at 
time rates which sake torsional inertia effecta important.    Purthexmore, 
the basic toraional forcing momenta can be unacceptably large «van though 
a condition for toraional divergence has not been encountered. 

ClMSical Flutter 

The classical flutter instability for rotor blades, Ilk« torsional 
divergence, also follows directly from the f,xed-wing clar   leal flutter 
problem, as discussed in Reference 11, for example. 

The term "classical flutter" usually refers to the self-excited 
ocoillation of an aerodynamic surface in unstalled flow.    Usually clas- 
sical flutter involves at least two modes of motion, auch as airfoil pitch- 
ing and airfoil plunging.    In this cas«, the elastic inertial, and aero- 
dynamic propertle» of th« airfoil result in out-of-phas« pitching and 
plunging vibrations.    When flutter occurs, the phasing between the motions 
results in a mechanism which extracts energy from the alrstream and feeds 
it into the structural vibration.    If the maximum pitch angle occurs when 
upwibrd plunging velocity is at its maxinum, it can readily be seen that 
the aerodynamic lift can be in a direction to add energy to the vibration. 
The pitch angle, velocity,  and aerodynamic force will all be reversed 
when one-half cycle of vibration haa passed, and energy input to the 
atructure will continue.    Tne flutter frequency is usually high enough so 
that the aerodynamic forces have a significant phase difference from the 
motions, and these phase differences are customarily accounted for in 
flutter analysis. 

Classical flutter occurs in a flow regime where aerodynamic forces 
are linear with respect to the airfoil motion?.    Therefore,  flutter ampli- 
tude will gn* with time until nonlinear effects became important or the 
structure is destroyed. 

The classical flutter problem for the helicopter blade in hover is 
similar matheswtically to the fixed-wing classical flutter problem.    The 
mtOor differences are the presence of a helical wake, the variation in 
velocity along the blade, and the various stiffness and inertial 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, timevise variation in relative velocity 
at a blade section requires that the differential equations of motion have 
time-varying coefficients.    The fixed-wing flutter problem is conveniently 
presented in terms of small motions about some steady equilibrium position. 
The helicopter blade in forward flight Is subject to continuous vibratory 
loadings and cyclic changes in relative angle of attack which often extend 
into the stall or reverse flow regime.    Because of thsae large vibratory 
loadings and resultant blade motions,  a purely linear st blllty analysis 
for helicopter blade flutter in forward flisht has much less practical 
signifloance than the typical fixed-wing flutter analysis.    The cyclic 
vibratoiy loadings and deflections may strongly affect the parameters of 
the linear stability problem, making the consideration of nonlinear terms 
necessary for a comprehensive mathematical treatment. 

The cyclic variation of flow conditions for the helicopter blade can 
result 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, '. 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 predic-cion 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 ohe 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 
when 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 conventional 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 a 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. 
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Tht vr«dlotioo of at«Il flutur currvntly a«(>«n4f on th« «pplloatloa 
of dttt «cqulrvd for • Bt««4y-tt%t« vibration to s eondition wbor« a 
vibration if l^uliivoly start«« and quafici««4.   Vhik is probably lest of a 
•jhortcoairm than tb« problaa of aeeuraUly prodietinf tba blada angl« of 
attack variation with atiwath on tht ratraatin« sid« of th« rotor disc for 
a (ivtn fUfht condition,    obviously, this «Ad« of attack variation Bust 
be knowr» ncrurataly, si'to« th« blada aarodynamio pitehinc loads chang« 
radically «« soon aa «tall U «ncounterad. 

Fxappitm iRBtatility 

The rasistai ?• of th« conventional articulated or ninc«l«ss h«lloop- 
ter blale to flappinf force« i« buically th« r«sult of osn'rifugal foroo 
coaponant« normal to the blade.   The«« cospocent« an approxiaataly pro» 
portional to snail blade flapping ancles with respect to the plan« of 
rotation through the rotor hub.   The asgnitud« of the«« coaponont« ob- 
viously also depends on the square of th« rotational «peed,    flapping 
inetabllity refers to a eooditlon for which the centrifugal flapping re- 
sistsnee i« overcoa« by aarodynsaie flapping forces.    The flapping inata- 
bility of the rotor in forward flight was explored in thi« experimental 
investigation. 

If the helicopter is in forward flight, the upward flapping or flap- 
wise bending of t helicopter blade in the forward half of the aaiauth 
results in on increas« in blad« angl« of attack.    This increase in anula 
of attack causes an increase in Made lift, which is basically resisted by 
a corresponding increase in the centrifugal force cospooents nomal to the 
blade.    If the rotor rotation is slowed, the rate of increase of the 
centrifugal force caaponent with rotor flapping will becca« saallar.    As 
shown In Reference 16, a transient negative spring rate in flapping can 
develop for advance ratio« l«ss than u • 0.8.    As advanc« ratio ineraaaes 
even further, the megnitude and azimuth range of the negative spring rate 
Increases.    According to the analogue caaputor study of R«f«t«nc« lo, this 
negative spring rate in flapping is responsible for tm- flapping insta- 
bilities that may occur. 

Flapping Instability has been studied theoretically, as in Reference 
16, without considering the effects of coupling with in-plane aotions of 
the blade, such as motion about the lag hinge.    More elaborate  Investiga- 
tions, one of which Is cited in the next section,  include consideration of 
In-plane mot lot.. 

Flap-Lag Instability 

Helicopter blade flapping and in-plane notions, such as ebordwlse 
bending or motion about the lag hinge, have an influence on each other 
which is referred to as flap-lsg coupling.    This coupling is prinarily due 
to Coriolis  forces.    These effective  forces  arise when the blodea  acquire 
a finite flapping angle.    The Coriolis forces are of second order fron a 
strict mathematical standpoint, but they are definitely not negligible for 
blade flapping angles obtained in practice, especially when the rotor is 
heavily xoaded. 
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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  (l6)   and (l?)  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 O.U, 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 
2.1» 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 

Toraiopal Divergence 

As shown by the right-hand vertical rows of points in Figure 1^, the 
theoretical torslonal divergence boundary was approached for the 25 per- 
cent chord and the 30 percent chord center-of-gravity blades by reducing 
rotational speed at a constant simulated forward speed of 332 knots, 
Figure 3U 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 31+ 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 6l-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 
t ■ 190 degrees to * »  350 degrees for the two data points shown in Figure 
S1».    The entire blade Is in reverse flow from \j) = 225 degrees to i|( =< 315 
degrees.    The large pulse of torslonal elastic response shown in Figures 
SMe) and SMf) begins as the blade tip passes into reverse flow.    Refer- 
ence to Table VII shows that ec » 2.0 degrees  and Bls = U.8 degrees for 
data point 67-12.    The static blade calibration tests provided information 
about the blade torslonal deflection for a given static load.    If it is 
aasianed that the blade dynamic torslonal deflection mode is approximately 
the sane as the first torslonal natural mode, the blade tip torslonal 
deflection with respect to the root may be estimated for the various dy- 
namic loading conditions.    The peak torslonal deflection for the response 
shown In Figure 3b(f) has been estimated as approximately 9 degrees in 
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this way. 

In order to obtain qualitative information about what actually took 
place during the condition of Figure 3Mf). an estimate of static aero- 
dynamic torsions! 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 -1T1+.3 degrees as given by the combination of cyclic and collective 
pitch.    Reference to Figures 3it(d) and 3k{h) shows that flapping and flap- 
wise bending deflection and velocity are small at ij; = 230 degrees and 
therefore do not contribute to blade angle of attack.    A lift curve slope 
of 2ir 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 &t ii = 230 degrees of 59.2 inca-pounds about the 25 percent 
chord.    This large, suddenly applied load produced the large torsional 
acceleration around ty = 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 inertia! 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 to be encountered soon after ty = 230 degrees.    At 
\\) = 270 degrees, the blade angles of attack were estimated to range from 
-I73 degrees at the inboard section to -16U degrees at the tip.    Figure 
5(c) of Reference l8 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 1^ ■ 270 degrees, while the 
mcment coefficient continued to decrease because of blade stalling.    This 
apparently caused blade torsional aerodynamic loading to remain relatively 
constant at 60 inch-pounds between 41 ■ 2k0 degrees and ^ = 260 degrees. 
During this interval, the blade deflection and corresponding elastic 
moments built rapidly as shown in Figure 3Mf).    Once ij» ■ 270 degrees was 
passed, reverse flow velocities 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 31* 
was predominately a three-per-revolation 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 3*» have 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 peak loadings to be much 
smaller than a linear aerodynamic theory would have predicted. 
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It can be seen that other operating conditions would reduce the tor- 
sional loads obtained for the conditions of Ki«ure $U.    If the cyclic 
pitch were reduced from the values used in the conditions of Figure  iU, 
the blade reverse flow anglec of attack would approach 160 degrees, both 
as a direct effect and because of increased bUae rearward flapping.    This 
In turn would permit higher forward velocities or lower rotational veloc- 
ities and a closer approach to the theoretical divergence or classical 
flutter boundaries.    This would obviously not be a practical operating 
condition for the rotor, since the application of cyclic pitch control for 
the reduction of blade  flapping would cause excessive blade stresses. 

Retreating Blade Classical Flutter 

The test conditions shown in Figure 31*, which were discussed in 
terms of torslonal divergence, also represent the closest approach to the 
theoretical retreating blade classical flutter boundary, which Is practic- 
ally coincident with the retreating blade torslonal 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 tn 
interpolation In Figure 16, has a frequency of approximately 1*5 cycles per 
second for the condition of Figure 31*.    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 U, which used the method of Reference 1, pre- 
sents the torslonal 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 msy be encountered on retreating 
blades if the angles of attack are kept  close to 183 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 u = 0.3,  the flapwise bending, torslonal, 
and rl^ld blade  flapping time histories  do not exhibit more than one cycle 
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 i> = 90 degrees advancing blade flutter boundaries were 



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 blades 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 ngR = 700 feet per second was lowered 
from VB = 208 knots to Vs = 120 knots by raising collective pitch ftrom h.O 
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 flsR * TOO 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, which 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 3^.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.U 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 torsions! mode produces 
a moment 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 ulades balanced about the 25 per- 
cent chord location are presented in Figure  35  for comparison 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 nsR ■ 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, 
7U-5 and lU-9% are given in Table VIII.    The calculated flutter onset for 
this blade at that rotational speed is Vs = 150 knots,  as shown on Figure 
16(c).    The flutter onset is defined by the change from positive to neg- 
ative damping 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 T^-9 was taken at the highest speed 
reached   with the fJ8R = 700-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 nonharmonic lag motion evident  in Figure 
36(b).     Frequency analysis showed a discrete frequency lag motion com- 
ponent of 0.U6 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 36(d), 35(e) with 36(f), and 35(g) with 36(h).    The conditions for 
the two data points involved were practically identical.    The only 
dramatic change occurred in the torsional time history.    A torsional vibra- 
tion appr  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 i|; = 1+0 degrees and ip = lUo 
degree? is 3.6 cycles per revolution or U5 cycles per second.    The fre- 
quency of the cycle between ^ = 2U0 degrees and ip = 320 degrees is lt.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 frequsncy 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 
36fd)  at i(i « ihO 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 Vs ■ 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 Vs = 220 kiiots.    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 V8 > l60 knots  and V8 ■ 220 Knots. 

The data shown in Figure 37 are also for the 30 percent chord 
center-of-gravity blade, and are from points 75-1* and 75-7.    The corre- 
sponding rotor operating conditions 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 obvious effect  is, as before, the torsional 
vibration buildup on the advancing azimuth region, as shown in Figure 
37(f).    The rotational tip speed (a8R)  is  500 feet per second.    Thus the 
relative velocities are smaller over most of the azimuth than in Figure 
36, which presents data with nBK ■ 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 v s ^60 degrees. 

By referring to Figure 16(c)  and Figure 37, it can be seen that test 
point 75-'* lies on the calculated flutter boundary and that test point 
75-7 lies well beyond it. 

The  frequency of the cycle of torsional vibration between i(i ■ 60 
degrees and tji ■ lUO degrees in Figure 37(f)  is li.5 cycles per revolution 
or Uo cycles per second.    The cycle of vibration between l80 degrees and 
2k0 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 I6(r;).    Aa at 
ft8 R « 700   feet per second    the experimental advancing blade response fre- 
quency at nsR ■ 500 feet per second is much higher than the predicted 
flutter  frequency. 

The coupling of torsion with flapwise- bending and flapping is much 
more prominent for point 75-7 than for point 7l*-9.    Flapping Is out of 
phase with the torsional pulse at v ■ 100 degrees in Figure 37(f), while 
flapwise bending is in phase.    Consideration of the relative mounts of 
flapwise bending and flapping indicate that the blade flapwise motion in 
this region is principally first-mode bending.    These results do not agree 
qualitatively or quantitatively with the calculated flutter mode at Vs ■ 
320 knots,  as given by Table XI. 

Figure 38 presents data from point 75-11, which is at the sane for- 
ward speed as point 75-7 but at a lower rotational speed of QSR * UoU 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 flow.    The flapwise response in 
Figure 38(b)  is quite different  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 nonharmonlc lag 
motion appearing in Figure 38(a) hao a significant discrete frequency 



component at C.29 cycle per revolution.    The nonharmonic flapping motion 
has discrete frequency components at 0.29, 0.71, and 1.29 cycles per 
revolution.    These nonhaxmonic motions will he discussed separately. 

The forward flight advancing azimuth excitation of the hlade 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 prohable that the very short time interval 
during which the hlade is theoretically susceptihle 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 (figR)  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 V8 = 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 i() * 150 degrees in Figure 39(g)  is 2.U cycles per revolu- 
tion or 30 cycles per second.    The frequency of the cycle which extends 
from ^ ■ 2k0 degrees to ij) ■ 360 degrees is 3.0 cycles per revolution or 37 
cycles per second.    These frequencies may be compared with the natural 
torsional frequency of kQ.Q 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(d) 
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 
V8 = 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 Uo were taken at a rotational tip speed 
(nsR)  of 300 feet per second.    Data points 8U-3 and 8^-6 were taken at 
forward speeds (V8) 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 Uo(f) and (g).    A nonharmonic torsiooal 
vibration is evident in Figure Uo(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 Uo(g) was not typical for the entire record of 50 ravolu- 
tions,  and only appeared occasionally at random intervals. 

The cycle of torsional vibration in Figure U0(g) between ♦ ■ 40 
degrees and } - l60 degrees has a frequency of 3.0 cycles per revolution 
or 27 cycles per second.    The cycle of torsional vibration between it * 220 
degrees and i|i = 290 degrees has a frequency of 5.1 cycles per revolution 
or U5.6 cycles per second.    These frequencies may be compared with the 
torsional natural frequency of U7.I cycles per second from Table II and 
the calculated flutter frequency of 27 cycles per second from Figure 16(d). 
As with the results shown in Figure 39 for data points 63-3 and 63-5« these 
frequencies agree well with the fixed-azimuth considerations.    The coup- 
ling of torsion with flapwise bending is not plainly apparent, as can be 
seen from Figures Uo(d)  and (e).    The coupling that does 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 
it * 120 degrees, as shown in Figure U0(i}.    A comparison with the pre- 
dicted flutter mode for Vs = llo 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 UO (for data point 64-6) were- taken, the rotor was in fact 
operating at a condition for which a violent Instability was possible. 
After the data were taken for point 64-6, 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 6^-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 O.7I4 inch-pound at a frequency 
of 0.5 cycle per revolution and only 2.U inch-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 1*1 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 1+1 was taken for a speed slightly 
lower and a collective pitch slightly higher than for point 8i-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 another 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 1*1.    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 Ul(d) and Ul(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 
with 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. 
Thib contention is strengthened by observing the torsional moment time 
history in Figure 37(e) for data point 75-^.    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 
when 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. which are shown in Figures 39(b), 39(d), 39(e), 39(g), 
39(i)»  and 39(k).    Assuming zero rotor Inflow velocity, a lift 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 
# « 0 degrees and 13.9 inch-pounds at V * 90 degrees.    These calculations 
considered the elastic blade twist corresponding to the elastic moment 
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tine history •hown In Figur* 39(c)•    Obviously, th« «lutic torslonal 
rsspons« shown in that figur« is readily explained on the basis of blade 
response to cyclic loadincs.    In addition to causing torsional load 
directly, the «ft center of gravity causes a negative aerodynamic spring 
effect in torsion.    This negative spring effect is considered in the 
rixed-azlButh torsion*.), divergence and flu'ter analyses.    Consideration of 
the blttde dynsmic deflectionj corresponding to the moment time history of 
Figure J9(g)  indicates that they are the same order of magnitude as the 
cyclic pitch changes.    For example, estimated blade root pitch is 5.5 
degrees and tip pitch is *».► degrees at an aaimuth angle « ■ 0 degrees. 
At i ■ 90 degrees, the blade root pitch is -1.2 degrees, but the blade tip 
pitch is 2.5 degrees.    Thus, over this quadrant of the azimuth, only 1.7 
degrees of pitch change appear* at the blade tip,  in contrast to 6.7 
degrees at the blade root.    At v ■ 90 degrees, however, the blade positive 
torsional deflection reaches  Its peak and begins to decrease.    When the 
blade Is at v • 135 degrees, the torsional deflection is negative, and 
estimated blade pitch io-O.fc degree at the root and -3.2 degrees at the 
tip.    Over the azimuth sector 90<i<135 degrees, O.U degree of pitch chants 
appears at the root,  in contrast to -5.7 degrees of pitch change at the 
blade tip.    When the blade reaches v ■ l60 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 wind tunnel test- 
ing.    In simple terms, dynamic blade twisting was 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 dynsmic deflections were of relatively  lov 
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 stabilize the blade tip path plane. 

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

The approach of Reference 6 should be suitable  for studying 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. 
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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 vr^ll be shown in the discussions to follow,  the blade torsional dynamic 
loadings, as well as the torsional instability,  contribute to 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 was axso used in the Normal Mode Transient Analysis.    The 
cyclic pitch used in the analysis was that setting which resulted in a 
calculated terc first harmonic flapping response for a given flight con- 
dition.    This procedure was also followed experimentally.    The calculated 
rotor performance was not used as a basis for comparing stall flutter 
theory and experiment.    The calculated rotor conditions which provided the 
angle of attack and relative velocity variation needed for the stall 
flutter analysis are suamarlted in Table XII.    These say be compared with 
similar experimental  conditions In Table VII,  such as 68-3 through 66-7, 
66-13 through 66-16, and 51-7 through Sl-ll.     It can be noted that the 
calculated results overestimate longitudinal cyclic pitch requirements, 
underestimate rotor lift, and agree relatively well with experimental 
rotor torque.    The experimental conditions for the theoretically predicted 
lift coefficients shown in Table XII would occur at collective pitch 
settings approximately U degrees lower, and It Is virtually certain that 
stall flutter would not be experienced for these conditions.    The con- 
sideration of variable rotor Inflow may Improve the agreement between cal- 
culated rotor performance and experimental performance for a given collec- 
tive pitch. 

The experimental stall flutter condition time histories are given in 
Figures 1'2 through U5.    Figure U2 contains data from points 66-3. 66-6, 
and 66-7 which were taken at a rotational tip speed (fl8R) of 700 feet per 
second and a simulated forward speed of Vs ■ 121 knots.    Figure 17(a) 
shows the calculated variation of aerodynamic torsional damping ratio with 
azimuth for these rotor conditions.    The calculated negative critical 
damping ratios are far too small to explain the sudden onset of torsional 



Vibration appearing in Figures J*2(k) and 1*2(1).    Uiing the simple ex- 
pression for the amplitude ratio of oscillatlona 

R    . e-2n;AD (22) 
A 

and lettirg, for example, c^p "-O.Ol* (from Figure 17(a)), one oUalna 
RA ■ 1.1*6.    This means that with no other effects prenent, the ■ acillatlon 
would gradually increase, with each successive cycle of oaclliation 1.1*6 
times the preceding on^.    The actual blad.« toraional time history in 
Fibres k2{k)  and 1*2(1) shows a rather abrupt nose-down responae, which it 
due to blade stalling.    The resulting toraional vibration la auatained for 
1.5   cycles  by negative and low damping in the retreating azlautb region. 
The frequency of the oscillation is approximately 6.3 cycles per revolu- 
tion or 78 cycles per second.    This agrees well with the toraional natural 
frequency of 73.3 cycles per second, which is given in Table II.    The re- 
turn of the blade to the unatalled, high positive  iamping region in the 
advancing azimuth part of the rotor disc reaulta in a rapid quenching of 
the toraional vibration.    Inapection of the data for lag, flapwiae beading, 
uid flapping in Figures >*2(a) through l*2(i) and Figurea lt2(a) through l*2(o) 
shows that no discernible direct coupling exists between the toraional 
vibrations and lag and flapwiae responaea.    Figure 1*3 shows data from 
points 66-8, 66-11, and 68-12.    These are shown instead of data from points 4 
68-13 through 66-16 because of an Intermittent failure of the torttonal " 
strain gage.    The stall flutter response at thla higher apeed (VB • ll*5 
knots) id slightly greater 11 an the similar data for Figure 1*2, which were 
taken at V8 ■ 122 knots.    The size of the unstable azimuth sector shown in 
Figure 17(b) for V, ■ 170 knots is somewhat larger than the corresponding 
region in Figure 17(a)  for 120 knots.    The calculated negative dmping is 
numerically smaller, however, primarily because 3f the lower relative 
velocities.    The data in Figure 1*3 for Vg ■ 11*3 knots are qualitatively 
similar to those in Figur? 1*2 for VK ■ 120 knots 

Figures UU), U(c), l«li(e), l*l*(g), and l*l*(i) show data froa point 
31-11, which corresponds to the iaat of the calculated cooditiona in Table 
XII.    Theae calculationa provided the toraional damping oata ahown in 
Figure 17(c).    The atall flutter response ahown In Figure l*lt(i) at this 
forward apeed (VB ■ 202 Knots;  ia slightly aaaller '.ban the corresponding 
data from Figure 1*3(1), which were taken for Vg ■ 11*3 knote.    The tor- 
aional vibration has a less abrupt initiatioo, but ita subsequent builiup 
ia more rapid than at the lower apeeds.    The leaa abrupt initiation could 
bu caused by lower relati/e velocities existing around # " 270 degrees for 
the condition of Figure «Ml) than for the condition of 1*3(1) or 1*2(1). 
It would appear, however, that the negative damping la aoawwhat greater 
ti an the predicted variation given In Figure 17(c).     In the azimuth region 
21*C<(><31'0 degrees of Figure 1*1*(1), for example, the aecond toraional cycle 
la approximately twice the enplltude of the first one.    Using the Inverse 
of Equation (22), one obtains C/tD "-0.110. 

Toe above coaparlson of theory and experiment shows that atall 
flutter will occur as predicted by tne flxed-aslauth stall flutter analyala 
if the retre»tiQg blale anglea of attack uaed In the analyala are 
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r«uonably doe      o those existing experimentally.    It appears that the 
magnitudes of the negative damping are of the correct order of magnitude. 
The torslonal impulse which accompanies blade stalling appears to have a 
significant effect on the stall flutter amplitude.    The information from 
the fixed-azimuth stall flutter analysis therefore provides only a very 
approximate indication of the severity of the stall flutter. 

Figures UU(b), W*(d), kk(t)% U(h), and UU(j)  show data from test 
point 51-16, which was taken at high collective pitch and high forward 
speed (Vt ■ 30k knots).    The advance ratio was 1.03 for this condition. 
The blade torslonal response for this condition is shown in Figure UU(j). 
Stall flutter was not present, and the blade responded to reverse flow 
loadings, as shown in Figure 3^ and discussed earlier in this section 
under the subheading Torslonal Divergence.    The torslonal amplitude of the 
reverse flow response was approximately equal to the stall flutter response 
experienced at lower speeds. 

Figure U5 presents data taken with the 30 percent chord center-of- 
gravity blades for data points 76-U, 78-U, and 79-10.    The rotor operating 
conditions for these points are given in Table VIII.    Point 76-U is com- 
parable to point 68-6 shown in Figure Uü, point 78-U is comparable to point 
68-11 shown In Figure U3, and point 79-10 is comparable to point 51-16 
shown in Figure UU. 

Comparison of Figures U5(h) and U5(i)  for the 30 percent chord center- 
of-gravity blades with Figures li2(k)  and U3{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 ii5(h). 
A larger excitation resulted on the advancing blade, however.    The  fre- 
quency of the advancing blade torslonal motion was approximately equal to 
the frequency noted for the similar response in point 71»-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 
each 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 Excitation 
at High Collective Pitch 

Examination of the flapwise bending response for data points 76-U 
and 78-1+, which is shown in Figures U5(d), U5(e), and U5(g), and comparison 
of these with Figures k2{h), U3(e), and U5(h) show little if any direct 
coupling of the flapwise bending response to the advancing azimuth tor- 
slonal excitation. The blade flapping data for point fQ-k, shown in 
Figure U5(k), does show out-of-phase coupling with blade torsion on the 
advancing azimuth.    The data in Figure U5(k) may be compared with Figure 
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1+3(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 {\'ä) of ikO knots, which 
is given in Table XI. 

Data for point  79-10, which corresponds to point 51-16,  is also 
given in Figure 1+5.     At this higher speed and high  collective pitch con- 
dition, the changes  caused by aft center of gravity are more dramatic.    By 
comparing Figure l*5(q) with M+(k),  1+5(1) with i+l+(h),  and l+5(f) with U+(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 l+5(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  l*5(q)  and 37(f)» l+5(l)  and 
l+5(h),  and l+5(f) and 37(d) may be canpared to show that collective pitch, 
and therefore blade loading, has an important effect on the magnitudes and 
relative proportions  of the various 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 230 knots and an 
advance ratio of 1.91+,  control of the rotor was  lost.    Control was inanedi- 
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 wandering 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  instability 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 azinuth region, and that these were large enough to 
interfere with the cyclic blade angle of attack changes which noimally 
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 was raised to V8 « 208 knots, starting fron 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 notions were observed.    Detailed analysis 
of the data from point 83-5 showed that nonharmonic motions at discrete 
frequencies were very small. 

Instability was encountered at the operating condition of data point 
8U-6, which was at a simulated speed of 256 knots.     Instability was entered 
spontaneously after data had been taken for point 8U-6.    The data shown in 
Figure 1»6 were taken with the on-line oscillograph during wind tunnel shut- 
down.    The unstable oscillations were decaying but were still very prom- 
inent.    Inspection of Figures U6(a) and U6(d) shows that a one-half-per- 
revolution lag and flap motion was present.    Inspection of the torsional 
time history in Figure U6(c)  shows that a l*.5-cycle-per-revolution fre- 
quency component is also present.    This  is especially obvious during the 
second revolution shown on Figure U6(c).    The U.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 8U-6 and 
shcftm in Figure Uo(g).    The torsional amplitude shown is approximately 
equivalent to 5.5 degrees of elastic twist at the blade tip.    The data of 
point 84-6 were carefully analyzed, and discrete frequency motions were 
found at 0.5 cycle per revolution in flapping and torsion and at U.S cycles 
per revolution in torsion.    These were not present at point 8U-5 which was 
taken at a speed of Vs * 235 knots, 2U knots  lower than point 8U-6.    These 
motions were still extremely small at point  84-6.    The 0.5-cycle-per- 
revolution components had an amplitude of only 0.3 degree in flapping and 
0.7 inch-pound in torsion.    The U.5-cycle-per-revolution torsional re- 
sponse had an amplitude of only 2.k inch-pounds.    Even though the rotor 
was operating at a dangerous condition, the related nonhaxnonic response 
was not noticeable until the instability was triggered to a larger ampli- 
tude.    Inspection of Figure U6(c) shows a torsional response at U.5 cycles 
per revolution with an average amplitude of approximately 25 inch-pounds. 
By comparing with the 2.U.inch-pound amplitude at this frequency conponent 
that was present  for data point 8U-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 7 degrees at 
a forward velocity  (Vs)  of 120 knots and a rotational tip speed (QaR)  of 
700 feet per second.    Data point 85-3 was taken at the sane 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 1*7.    The torsional time 
history of Figure U7(d) has a superficial resemblance to that of Figure U6, 
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 
shown in Figure U7.     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 kB.    The components of the most important amplitudes are given In 
Table XIII.    The a^ and t^ refer to the coso^t  and sinumt components 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 aeroelastic 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.U0 cycles per revolution, which is equivalent to k2.1 cycles 
per second.    This is slightly lower than the torsion«! natural frequency of 
U8.B 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 lower in the advancing azimuth region, as for the stable rotor 
conditions previously discussed. 

The peak torsional amplitudes appearing in Figure UT(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 U7(a).    It can be seen that the blade velocity in the Isg 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 blade stalling.    The fully articulated fiber glass 
blades were flexible enough to execute these large deflections without 
ianediate failure. 

DISCTSIOH OF HOHHABMONIC BESPONSE 

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 U2(l), for example, shows a typical 
variation in the amplitude of stall flutter response in the azimuth sector 
between t • 2U0 degrees and ip = 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 c 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 operatic, was of 
interest in some cases, in spite of the generally small amplitude.    Some 
samples of nonharmonic response are given in Table XIV.    The components SQ 
and hm shown in the table are the coefficients of cosu^t and sinwnt 
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respectively, end rm la the reiultant eaplltude.    The zero time reference 
ia at an arbitrary zero azimuth signal; therefore,the components % and t^ 
have meaning only for the relative phasing of the various data channels at 
a particular data point.    Thus, only the resultant amplitude rB is given if 
only one data channel is involved in the nonharmonlc at a given data point. 

The  first of the nonharmonic responses presented in Table XIV wati 
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 in Table VII.    A similar response, also pre- 
sented in Table XIV, was noted for the similar points 75-9, 75-10, 75-11, 
and 61-9, 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 flapping motion amplitude versus  frequency plots between 
0.02 and 1.0 cycle  per revolution are given  in Figure 1*9 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 reached approximately 0.25 cycle per 
revolution at an advance ratio (u)  of 1.^7 and a simulated speed (V8) 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 75-11. 

Coupled flap-lag motion similar to that described above also 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 (V8) of 30l knots, and a collective pitch of il 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 advance 
ratios reached at somewhat lower forward and rotational speeds, nor at the 
high rotor lift  conditions at lower advance ratios. 

The coupled flap-lag response at lower rotor rotational speeds was 
probably inhibited by the viscous lag hinge damper.    This damper furnished 
9-i* percent of critical damping in uncoupled lag motion at a rotational 
tip speed (nsR)  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 * rotational tip speed of 181*  feet per second (point 71-12),   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 giv»n in Table VII.    The oscillation took place at 
approximately the fourth flapwise bending  frequency of 167 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 0.3 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 limit 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 sane samples of this response for data points lk-3 
through 1^-9, T5-6 through 75-8, T7-12, and 77-13.    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 (nsR) was 700 feet p^r second, and at 5.26 to 5.28 cycles per rev- 
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 1+1.1+-inch-pound moment for data point 
75-8 produced an in-plane shear force of approximately 1+.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 net known if 
similar responses were taking place with the normal balanced blade con- 
figuration. 

The remaining information in Table XIV is for data point 81+-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 0PERATINÜ CONDITION 
ON  INCIPIENT INSTABILITY 

Torsional Divergence 

Figures 50 through 5'* 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 minimum blade excursions during a 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 5^ also include those of the  corresponair.' 
amount of cyclic pitch required to remove  first harmonic  i'^appinr notion, 
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 5^ was prevented primarily by 
rapidly rising torsional response.    Rapid changes  in the other blade re- 
sponse  channels were also taking place.    The chordwise bending response 
contains a large 5-per-revolution component at a rotational tip speed 
(ngR)  of 500  feet per second,  due  tc  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  frequencies. 
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  aeroelastlw _.::.it or 
torsional divergence boundary by reducing rotational tip speed are gradual, 
except  for chordwise bending resonances.    The rate at which blade 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 rotational simulated tip speed (ß8R) 
of 700  feet per second, with relatively low collective pitch settings. 
The pairs  of curves identified by the various symtols  define the maximum 
and minimum blade response during a typical rotor revolution.    The changes 
in blade response with  forward speed were very  gradual with the 25 percent 
and 30 percent chord centtr-of-gravity blades,  and no  dramatic  increase  in 
response was noted with the  35 percent  chord center-of-gravity blaae until 
the sudden onset of violent  instability.    Note that the  fixed-azimuth 
classical flutter boundary  for this blade at a simulated tip speed (r.sR) 
of 700 feet per second was  at a simulated forward speed of only 20 knots. 

The increase in torsional and chordwise bending response for the 30 
percent chord center-of-gravity blade was mainly at a frequency of k 
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 pitch 
change predominates  for the blade lag and torsional  response?.     By  con- 
sidering Figures IT 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 torsional 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 
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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 tltch requirements to remove first harmonic flapping at higher 
forward speeds. 

Figures 6k 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 lower forward speeds shown in Figures 6U through 67.    Only a lim- 
ited amount of torsioral response data were obtained for Figure 66 because 
of instnunentation failure.    The increase in torsional responses shewn for 
the test points at  forward speeds  (Vs)  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 6U through 67 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 Aeroelastic Limit 

Figures 68 through 72 show the effects on blade response of in- 
creasing forward speed at a constant rotational simulated tip speed (flsR) 
of 500 feet per second, with various collective pitch settings.    At this 
rotational speed, the advancing blade classical flutter boundaiy was at 
260 knots sipulated speed for the 30 percent chord center-of-gravity blade 
and at ll+6 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 U20 knots simulated speed. 

The rise in blade torsional response with forward speed which 
appears in Figure 70 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 (nsR) 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 wel1. as aeroelastic stability when rotor aeroelastic operating 
boundarie.i 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 
ohe 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, 
+ U,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 +_ 3U inch-pounds in torsion, +_ 1+8 
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 5^ indicates that the blade 
could be operated in smooth air at a forward speed of 330 knots at sea 
level and a rotational tip speed (OR) of U50 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 1.2U, with an ad- 
vancing blade tip Mach number of O.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 Uf, 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  U7, 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 which are well under the limits 
given above.     In general, it appears that application of forward cyclic 
pitch (positive BIS) will raise blade stresses.    On a compound helicopter, 
where 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 paranetero  at a »riven aircraft   flight condition -no   te 
made to produce the ortl:nuin corblnatlcn of rotcr j «?rfor". c "•    .r.u t,laae 
stress condition.    The high stress conditions would ti.er. t* «nc-iunter^o 
only when necessary for maneuvering or operating In turbulent air. 

The effect of pitch-flap coupling on blade stress is not necessarily 
pronounced for rotor conditions of bitllar performance,    hi at. example, 
points '♦7-3'* 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 
for these condltioas are approximately the same, with C^/o ■ 0.03, C^/a ■ 
0.01, and CQ/O ■ 0.002.    The 30 percent  radius  flapwise benaing moment 
maximum and minimum values are ?& and -31 with pitch-flap coupling and 29 
and -28 inch-pounds  respectively without  it.    The torsionai moment range 
at the 35 percent radius station is from 1c to -li* Inoh-foui d» with pitch- 
flap coupling and from 15 to -12 inch-pounds without  :t.    Thl?  is  1-. c-n- 
trast to the comparison previously made on page 3^ b«*v'fer rolnt ?9 of ran 
1*7 and point 29 of run 55»    These r^'-ts hav- the same   «0*1«-v.-.t   :.'.-'.., 
shaft angle, and first harmonic flapping.    These two roi««v  .'.ave «arge 
angles of blade incidence  in the reverse  flow  region, a condition vuich 
causes large positive (nose-up) toraion&l moments.    These are aggravated 
by the statically unstable effect of the  pitch-flap  coupling in reverse 
flow. 

The transient and stability testing of this program wus carried out 
with the rotor shaft rigidly mounted.    The operating limit of an actual 
aircraft will be affected to some extent by interact!tr.e among the rotcr, 
the remainder of the aircraft, and control input«.    Therefore, the con- 
clusions of this report v.iH be most accurate for aircraft configurations 
and flight conditions with small perturbations In fuselage motion. 

The high-speed, high-advancc-ratic  llcitr     :- oj«-;-.. . 
percent chord center-of-gravity blade ccr.figaratl':.  aj-ear ".    te -•,...:.-.r 
to those for the 25 percent chord center-of-gravity  locatior..    Therw   ..>, 
however, a general   Increase in torsionai blade load throughout most of the 
test conditions encountered.    This increase  in load  it  due to advancing 
blade excitation, which is relatively  independent of the retreating blade 
effects which define the high-speed, hign-advance-ratlc   '. mit«.     Thu», 
moderately high torsionai loads exist  for the 30 per"r.t. chcrd center-of« 
gravity blade at conditions for which the 25 percent chora cer.ter-of- 
gravlty blade has low torsionai loads.     An example of this effect  appears 
in Figure 57- 

The 35 percent chord center-of-gravity  blade wa?  found to be un- 
stable within the normal operating range of the r-'tcr.     ! irtr.er.. re,  the 
transition from stable to unstable operation  was  tuddet.,  -.•.:. :.-  v-r-adual 
increase in stress  as the unstable condition wrs apprcachea.     :.-.. •  "ar'.   is 
significant with respect  to the ctability test results  'or tne  ;.  percent 
chord center-of-gravity blade.    Even though violent  ir.sta1 .llty was not 
encountered, the test results provide no Indication of the operating con- 
ditions for which this blade would become unstable.    Th-r, the margin of 
stability for the aft. center-of-gravity blade cannot be demonstrated by 
test under steady flight  conditions,  unless  instability  is encountered. 



CONCLUSIONS 

TRANSIENT RESPONSE 

Transient Responae 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 
which follows a slow control change. 

2. Except for small subharmonic lag motions, the final steady-state 
blade response after a sudden control change is reached in less 
than I* revolutions following a control change if a pitch-flap 
coupling ratio (3e0/3ß) of -1.0 is present.    Without pitch-flap 
coupling,  the final steady state is reached in less than 5 
revolutions. 

3. 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 torsional oscillations are experienced. 

U.    A pitch-flap coupling ratio (3e0/3ß)  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 lift are not involved.    When lift changes are involved, 
the agreement is poor. 

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

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

5. Th** ".heoretical effect of the azimuth position of a rapid 
control input is perceptible in blade lag motion for approx- 
imately U revolutions at a 300-knot condition when pitch-flap 
coupling is not present.    A pitch-flap coupling ratio (890/8f5) 
of -1.0 results  in a larger theoretical excitation of lag motion 
because of the rapid flapping response.    The effect of control 
input azimuth change is similarly larger, and this effect is 
perceptible beyond 5 revolutions after the control change. 

6. 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 ISO degrees. 

BLADE AEH0ELASTIC 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. 

2. 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. 

3. 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- 
ward 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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k.    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  asso- 
ciated with stall flutter.    The amplitude of stall flutter is 
strongly influenced by the strength of the torsional 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. 

5. 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. 

6. 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. 

PRAgTICAL OPERATING LIMITS 

1. 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 positionn at a sea level simulated forward speed (VB) 
of 300 knots with an 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. 

2. 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 l.k, without pitch-flap 
coupling and without exceeding practical stress limits.    The 
blade stress becomes very sensitive to loading and control 
position at this  condition. 

3. 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 blade configuration did, 
however, have a considerably 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- 
gravlty blade. 

k.   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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TABLE VII. ROTOR PARAMETERS FOR INSTABILITY TEST CONDITIONS 
(BLADE CENTER OF GRAVITY AT .25 CHORD) 

mm-rr TYPf TtNIi Ot" MM M «e 8.      o„     b. »» 1« CL/<7 Ct/r        Cy/ff C,/<r        C«/»      Cm" 
MO. rrän DEC DCG      DES    DCS    DES DIB 

M- i STtUT • 0 TOO .»1» .MO -l 9    2.0 0  -l.T 1.0 .035» ,00101  -.0005» .00173 -.0001*     .0008» 
»•- » SIUOT • 0 TOO .»St ,«•0 -a. •    2.0 0 -l.T 2.« .030» ,00127  -.10052 .00171  -.00012     .«««»1 
»•- * STUDY • 0 700 • •»* .50« -i *    2.0 0  -1.1 l.T .02»« ,00217     ,0001» .001*» -.«««37     .«««IS 
♦»- * mwY • 0 700 .«»• .MS -i 1    2.0 0  -1.» a.» .0217 ,00313 -,000«1 .««17* -,000M     ,0001* 
»»-  T SUMY • 0 TOO .*•• .»IS -3 0    1.0 0  -1.« 3,1 .01»9 .003*7  -,000*1 .0«t*3 -.OOU*     .«0011 *•- • STtAOT • 0 700 .SO» .»II -3 1    1.0 0  -1.» 3,1 .0153 ,00«07 -.00029 .001*1 -.OOM«     .00*11 
6S-  3 STIWV • 0 700 .so» .»** -3 1    1.0 0  -1,0 3,3 .0159 ,00«M -.000«! .001*1  -.00011     .OMM »»- * STCMV • 0 700 .SI« .T«l -3 •    1.0 0  -1,1 s.« .01»! .00532 -,00050 .001** -.«00?«     .OOOM 
»»-  S STIÄOY • 0 700 .sw .101 -3 »    1.0 0  -l.S 3,» .0137 ,00»10  -.00037 .001M -.OOOM    .««••( 
»»- » STIWY • 0 700 .s»o .0»! -3 t    2.0 0  -1.0 3.» .0117 ,0071« -,00031 .«•IM -.000»»     .00011 
»T- i STUDY ■ 0 700 .sw .101 -3 T    2.0 0 -1.1 3,T .OIM .0M1S -.MOM .001««  -.0007»     .MMS 
»T- « STIADY ■ 0 »7« .SSO .tu -S T    2.0 0  -1.» 3,7 .0017 .OMM -.«»SO* .00107     .0001«     .«««•* 
♦7- S STEADY 

STtWY 
• 0 »Si .111 .MI -3 7    2.0 0 -1.« S.T .00M ,00»«»     ,00017 .«•Ill     .0003« -.««••* 

»T- t • 0 •«• .»ST 1.0«0 -S »    2.0 0 -1.» 3,» .0003 ,010S«    ,oooso .0*11*  -.000*5 -.«««11 
»T- T STCWT • 0 «to .«ss 1.11» -3 T    1.0 0 -1.0 S.7 •.001» ,011*1     .000*» .0*111  -.0000» -.«««11 
»T- • STtWY • 0 •7» ,**s 1.111 -S T    2.0 0 -l.S 3,7 •.001« ,01300     ,000*« .00100  -.000S« -.«««1* 
»T- « snwv «0 •5» .»J» l.l«S -3 «    1.0 0  -l.S 3.9 •.011» .01*7«     .«007« .»«IT» -.000*1 -.00*17 
»7-10 STCWY tO »10 .»I« I.SII -« 1    1.0 0  -l.T «.1 •.OIM .01»«l     .«««7« .««IM -.«««17 -.«Ml» 
♦7MI STtWY IO »0« .«1* l.SM -« «    1.0 0 -l.S «.« •.0171 . 01071     .000M .000*3 -.«MM -.000*1 
*7-lt STtWY • 0 MO .HOT l.«T« -• 1    1.0 0    -.» «.0 -.osu .02*00     .000»» •.000*7     ,00057 -,000M 
M- 3 STtWY • 0 700 .MT ,2uit -5 1      ».0 0 U   -3.7 b.ü .U920 .00053  -.00269 ,00517     .00002     ,00210 
M- • STtWY • 0 700 .MT .J-» -5 1    ».0 0 U   -*.! l>.i .il960 -.00039  -.0030« .0063«     .0001»     .00252 
M- a STtWY • 0 TOO .MT .lo« -6 •i   10.0 0 " -«.■. 1.0 .101« -.00110  -.003»» ,0077«     ,00015     ,00293 
M- * STtWY • 0 700 .MT .J'-« -7 2  11.0 0 u   -it,q 7.7 .105» -.00208  -,00901 ,00910     .00020     .0031* 
M- 7 STtWY • 0 700 .MT .2V4 -7 7  U.O 0 0 -s.« e.3 .1100 -,002*9  -.u0«3« .010*2     .00012     .0033« 
••- • STtWY • 0 TOO .*0* .3-1 -6 3    8.0 0 ''   -J.7 6.6 .0*2« -,00021   -,002«1 .00511     .00029     .0020* 
M- t STtWY «0 700 .»0* .3M -6 <)    9.0 0 U  -1,3 7.2 .0088 -,00071  -.00322 .00»«5     ,00020     ,00270 
M-l« STtWY ■ 0 700 .»0« .3S1 -7 5  10.0 0 "  -»,» 7.9 .0930 -.00172 -.00375 .00780     .00015     .00311 
M-tl STtWY • 0 700 .«0* .SM -« 3  11.0 0 "  -5.1 a.b .u986 -.002*6 -.00«0» .00911     .00015     .00316 
M-l« STtWY • 0 TOO .»0* .Ssl -q 0   12,0 0 'i  -S,b 9.» .1029 -,003*7 -.00««7 ,01037     ,0001*     ,00355 
M-IS STIWV • 0 700 .•IS • •lU -7 0    0,0 o "  -3.8 7.2 .0751 ,00030  -,00173 ,00500  -,00001     ,0018* 
M-l* STtWY • 0 700 .«IS .«10 -T «    9.0 0 u   -».» 0.0 .0799 -,00057  -,0r,2«7 ,00607     ,00013     ,002*2 
M-l» STtWY • 0 700 .«IS .•iu -« 5   10.0 0 U   .i,,q 8.7 .085« -,0012»  -,0^3«5 ,0072»     ,00005     ,00201 
M-U STtWY • 0 700 .«IS .«lU -Q 2  11.0 0 "  -5.2 9,5 .1131 •,001»3  -.0,352 ,000*1     ,00222     ,00279 
M-17 STtWY • 0 700 .»♦» ,»'(> -P 0     S.o 0 u  -3.« 0.1 .062» ,0009«  -,012»! ,00*89 -,0000«     ,00209 
M-U STtWY • 0 TOO .««» .«'6 -s 9     9,0 0 u   -».3 9.(1 .0680 .00039 -,0)298 ,0058*     ,00000     ,002*0 
M-l» STtWY tO 700 .«*» ,»f6 -<« 7   10,0 0 u  -«.»> 9,9 .0737 -,00031   -,(0319 ,00695 -.0000»     ,00252 
»••10 STtWY »0 700 .»«» .»»6 -10 i  11.0 0 u   .«*,u 10.7 .U7B6 -,0000*  -,.,029» ,0001»     .00007     ,0025» 
»•- 1 STtWY .0 TOO .*»s .5<.6 -7 «    9.0 ^ -»»« 7.S .0859 -.00«0«        —         ,00000          
»•- • STtWY #0 700 .«»s .So» -« •   11.0 " -»,.> 9.0 .U97« -,00633     .u0«17 ,00860  -.0000*     ,0000» 
»»- s STtWY • 0 TOO .«IS .tiu -11 3  10.0 ü -J»,f 11.3 .0560 ,00231     .00808 ,00500     ,0000»  -.00163 
»»- » STtWY tO TOO .««0 .63« -11 1   10.0 u •«.« 11.» .052» ,00239     ,01111 .00*61     ,00027 -,00295 
»«- 7 STtWY • 0 700 .«»• .«!-« -11 B  10.0 ^ -».? 11.7 .0«83 .0039«     ,01392 ,00*00   -,0000*   -,00*0» 
70- i STtWY • 0 700 .«»<! .»S« -11 7  10.0 0  -*.« 11.1 ,0*8» ,0037«  -,00333 .00553  -.00002     .002»« 
70- • STtWY • 0 700 .so» .MI -5 »    «.0 0 -l.S S.» ,0229 .00997  -.00105 .0011»  -.«««IS    .00101 
70- S STtWY • 0 700 .SIS .TM -13 0  11.0 0  -».» IS.O ,0»58 .00S«8 -,003*1 .OOM«  -.00««*     .001*« 
70- » snwv iO 700 .SM .*M -« 0  11.0 0 -*.«. 11.0 .0501 .00*67  -.00370 .00590  -.0001*     .00291 
70- 7 STtWY • 0 TOO .US .7S1 -13 1   11.0 0  -*.« 13.1 .0««« ,00»»«  -.003»2 .009*1  -.00031     .OOHS 
,70- • STtWY • 0 700 :a? .7M -13 3  11.0 0  -«.1 13.« .0«07 ,007»» -,003«l .««SO«  -.«««II     ,002kl 
7»- » snwv • 0 700 .7»« -12 S 10.0 0 -s.« 11,S .0330 ,0001» -.002»» ,00*2*     .0000»     ,00113 
70-10 STtWY • 0 700 .M« .101 -W » 10.0 0 -s.s 11,s .031» ,00992  -.0030« 

.0OM1     .«003» 
.00*03  -.00015     ,002*0 
.0*1*3 -.MM« -.0001« 71- S STtWY • 0 M» .IM .TW 9      .0 0  -1.« ,0 .00S1 

71- • STUDY • 0 SM .IM .MT - 1       .0 0  -1.« ,9 .00«» ■00T50     ,«00** .««1«S -.OOOM -,000M 
71- » STUDY • 0 S«0 .IT» .«M -1 0       .0 0  -1.« 1,0 .0011 ,00*71     .000*0 .MUS     .0001* -.OMM 
71- * STtWY • 0 It» .MS .«7« -1 0      .0 0  -1.1 1,0 .00»» .OOM*     .00030 .0011* -.OOOM -.0001» 
71- 7 STtWY • 0 Ml .IS» 1.0U -1 0      .0 0 -1.1 1.0 .oou .01110     .000*1 .OMM -.OOM» -.MMT 
71- • STtWY • 0 tM .1*1 1.1«« '1 0      .0 0    -,« 1.0 ,005« .01311     .0007* .Ml** -.000*0 -.(UM 
71- « STtWY • 0 1*» .IM 1.IM -1 0       .0 0    -.• 1.0 .005» .«ISS» -,«««31 .«MM -,«*M* - «««10 
71-10 STUDY • 0 tit .Mi l.SM -1 1       .0 0    -.« l.t .0001 .«1*17     .(«IM .«MT« -.OOOM -.000«* 
71-11 STUDY #0 1«» .IIS l.SSS -l S      .0 0       .1 1.3 .0057 .0110»     .OOOM .00172 -.MIM -.*MM 
71-11 STtWY • 0 1** .IM 1.»*« -1 «       .0 0       ,T 1.« -.Olli .OMM     .MM* .MM1  -.00071  -.(MM 
7t- a STtWY • 0 IS» .IM l.«M -1 1      .0 0    -,» 1.1 .0007 .«IM*     .0*1*« .(Mt*  -.MMS -.Mtn 
7t- * STUDY «0 IM .IM l.TI» -1 «    .1 0       ,» l.« .MS« .MM*     .0010» .«•17» -.MIM -.MIM 
71- i STIWV .0 11« .IM l.MI -l 1    .1 1     .» 1.1 .oo»s .MMS    .0013* .MM* -.MIM -.MIM 
7t- » STUDY • 0 111 .IM l.«l« -1 S      .0 0       .» 1.9 .00M .0I»»I     .««IT* .**<•» -.00111 -,00111 
71- 7 snwv «0 ISl .SIS I.MI -1 r    .i 0       .1 l.T -.OIM .SSM7     .«MM .*MM -.MIM -.MIM 
71- i snwv • » M» .SM l.TSS -1 0       .0 0    ••• 1.0 -.0SI0 ,02732     .000*7 .MIM -.00037  -,00**S 
71- • STtWY .» M» .«0» l.«U -1 •       .0 0  -1.0 1.« -.OOM .01**3     .0*11« 
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TABLE VIII.   ROTOR PARAMETERS  FOR INSTABILITY TEST CONDITIONS 
(BLADE CENTER OF GRAVITY AT  .30 CHORD) 

\  m 
"TSÜ 

FT/« 
M «c 

OEO 
•< 

DEO 
»a    •.■ 
DEO    OEO 

•il 
OEO 

V» c0/.       cv/. e,»      e,,,/. C,,/, 

hu- J STL»DT .0 TOO .3911 .33) -3.0 ».0 ,0 ,0 -2,1 3,2 ,0621 ,001«*  -.OOOoT .002T2 -,0001» .0007« 
IT«- » STE«BY .0 700 .«17 .390 -3.» «.0 ,0 ,0 -2,2 3,9 .0561 ,00222  -,00059 .002T3 -.00011 .0007» 
IT«- i STCAO' .0 700 .«33 .««• -».5 «.0 .0 ,0 -2,3 «,6 ,(,«•1 .0026»  -.0001» .00252 -.00011 .•0O»l 
IT«- 6 STE«C1 .0 700 .«il .Su« -9.9 «.0 ,0 ,0  -2,3 5.0 ,(l«20 .OOllT      .00019 ,002*» -,08052 .MOM 
IT«- 7 STE»OY .0 700 ,«t>« .Sh5 -5.1 «.0 ,0 ,0 -2.3 5.2 ,01T1 ,00172     .000»0 ,002** -.00067 .•Ml« 
IT«- a STEAD« .c 700 .««7 .b/i -5,3 «.0 ,0 ,0 -2.2 5.« .0327 ,0095*     .0009* .•MM -.OMT* .MM* 
IT«- 9 STEAO' .0 700 .506 .6«! -5.5 «.0 .0 ,0 -2.2 5.5 .ü297 .00522     .••111 .•Mil  -,08090 •.••••1 
ITS- S STE'rt .0 500 .3«; .T93 -».» «.0 #0 ,0 -2,5 «.9 .0227 .00»»*  -.0013» .002*«  -.0810* .Mill 
ITS- « STEALY .n Ü00 .«00 .»T6 -».9 «.0 a0 ,0  -2.6 5.n .ü20« ,oom -.oaii* ,002*8 -.00119 .MI17 
ITS- S STEADY .0 •iOO .«19 .9S» -S.0 «.0 ,0 .0  -2,6 5.0 .ull" ,00«25 -,0010» .00251  -,001*2 .•MM 
ITS- «. STEADY .0 500 .«S!. l.ll«0 -5.1 «.0 ,0 ,0 -2.T 5.1 ,0l«5 .01I1S -.00063 ,00*53 -.001»» .MM» 
ITS- T STEADY .0 000 -•55 1.126 -».9 «.0 ,0 ,0  -2.6 «.9 .0110 .01393     ,00061 .00255 -.001*0 -.•Ml« 
ITS- a STEADY .f «75 .««5 l.lfl -5.1 «.0 ,0 ,0  -2,« 5,1 .0037 ,01512     .0010' .00227  ..00110 -.00011 
ITS- 9 STEADY .0 «52 .«3S 1.2«3 -5.2 «.0 ,0 ,0 -2,2 5,2 -.0020 ,•1751     .00095 ,••200 -,00120 -.000*« 
ITS-IO STEADY .0 «?7 .«15 1.312 -S.0 «.0 ,0 .0  -2,1 5,0 -.00*1 .020»T      .00175 .00171  -,0011* -.••It* 
ITS-U STEADY .0 «0« .«IS 1.38» -5.T «.0 ,0 ,0 -2.0 5,T -.01»» .02506     ,00110 .80002 -.oatM :J:SU JTf-   3 STEADY .0 700 .3117 .»9« -6.5 10.0 #o ,0 M>,1 T.O .loss -,00102  -,00»6» .•MM -.000»« 
IT*- « STEADY .0 700 .3*7 .29* -T.5 11.0 ,0 .0  -5,2 8,0 .1081 -.0022T  -.00»»« .0108* -,000*0 .MJ«; 
|T6-  S STEADY .0 700 .S»7 .29* -•.1 12.0 #o ,0  -5,6 8.7 .112» -.ooio» -.uMoa ,0123* -,0MM .••*17 
IT».- 6 STEADY .0 700 .387 .29* -•.• J3.0 ,0 ,0  -b,l 9,3 .UST •,••171   •,0«*} .01380  -.0001T »••**• 
ITT- 3 STEADY .0 700 .«D« .951 -T.T 10.0 ,0 -2,5 8,0 .1000 •,•01»!   -.00*1» ,0891T -,0001T .MM1 
ITT- » STEADY .0 700 .«0« .351 -1.5 11.0 ,0 ,0  -5,2 8,9 .1011 -.002»*  -.00*»* .01075 -,00018 .•MM 
ITT- s STEADY .0 700 .«J3 .•IÜ -».9 6.0 , 0 ,0 -2,a 6.0 .06M .001»»  -.00218 ,0O«10 -,000«* .Mig 
ITT- 6 STEADY .0 700 .««6 .»•» -5.0 «.0 #o ,0 -2,2 5,1 ,0*51 .002*9 -.(10109 ,••*** -.MOM •••w 
PT-  T STCMY .0 700 .««6 .»•6 -5.9 5.0 ,0 ,0  ^T 6,0 «Oll* .00256 -.00150 .0012»  -.000*7 .••in 
ITT- • STEADY .0 700 .«6« .»«6 -S.3 «.0 .0 ,0  -2,2 5.« .0395 .001*0  -.00112 .••HI -.000*1 .•MM 
ITT- » STEADY .0 700 .«»« .5« 6 -6.2 5.0 ,0 ,0 -2,6 6.3 .a»»i .«Oil» -.«OUT .••11* -.MM* .Ml» 
PT-IO STEADY .0 700 .«•3 .610 -6.» 5.0 ,0 ,0 -2,« 6.5 .0*1» .00*00  '.OOltO .00305 -.OOOM .MII7 
bT-U STEADY .0 700 .«90 .»3« -6.S 5.0 ,0 ,0 -2.3 6,5 .0395 .••«11  -.00150 ,00299 •.0M«S .Mil« 
fTT-JJ STEADY .0 500 .«12 .926 -6.2 5.0 ,0 ,0  -2,9 6,2 ,U211 .•Ml«  -.00168 .002T3 •.00177 .••1*2 
TT-J3 STEADY .0 500 .«19 .95« -6.2 5.0 ,0 ,0 -2,a 6,2 ,021» .00*92  -.00155 .00*73 —MIT* :S5n bt- 3 STEADY .0 700 .404 .Hi -••l 10.0 ,0 .0  •«,» 8,5 ,098« ■,••15« -^«»T .009*2 •.MM* 
he- • STEAOY .0 700 .404 .151 -•.9 11.0 ,0 ,0 •s,« 9.2 .1027 ■,••290  -,00««2 .010*3 -.0«0*5 .MM* 
78-  S STEADY .0 700 .40« .351 -9.T 12.0 a0 ,0 -5.9 10.1 ,10*2 •,•011* -.00*70 .•1*01  •.•MM .Han 
T»-  6 STEADY .0 710 .423 .»10 -9.2 10.0 ,0 ,0 -«,9 9.« .0912 •.••1*1 •.»•Ml .00811  -.00015 :Z»\ T«-  3 STEADY .0 500 .353 .6ST -13,0 13.0 ^o .0 -o,Q 13,1 .Ü68T .00257  -.00601 ,009*8  -.008** 
T%-  • STEADY .0 500 .37« .TB6 -12.• 12.0 ,0 ,0 -5.« 12,8 ,o*«l .0086»   -.00515 .•MM -,00111 .M1M 
M-  5 STEADY .0 500 .397 .•5T -13.2 12.0 (o ,0 -5.2 13,2 .ü3«8 .01155  -.006*6 .00405 -.00025 .••*•« 
b*. 6 STEADY .0 500 .«03 .•90 -13.3 12.0 t0 ,0  -5.0 13,3 ,ü3T2 .01352  -.00*1* .••»•* -.081*2 .Mil» 
rn~ T STEADY .0 500 .«12 .•26 -13.» 12.0 #o .0  -5,U 13,« .032» .015»*  -.00569 .00««9 -.0011* .MMl 
T«-  « SUAJY .0 500 .«19 .95» -13.» 12.0 #o .0  -5,U 13,« .030« .01767  -,003*9 .00*22  -.00151 .•MM 
T9-  * STEADY ,0 500 .«26 .«91 •13.5 12.0 to ,0  -».« 13,5 .u271 .0201»  -.00260 .00582 -.001*» .00*11 
T9-10 STEADY .0 500 .«19 1.026 -12.» 11.0 tc ,0  -«,5 12.« .022* .0*1*»  -.00167 .08310 -,MI»7 .0  16« 
T»-ll STEADY .0 500 .««1 1.06* -9.1 • .0 #o ,0 -3,7 9,1 .JIT* .01»«5 -.000»» ,OM7»  -.001»* ,0»»M 
•0-  3 STEADY .0 367 .296 .T«S -«.T 2.0 ,0 -1,» 2,7 .01» .••71« -.ooo«o .00201 -,0017» .•MM 
• 0-  • STEADY .0 303 .2(6 .••T -2,6 2.0 #2 ,0 -I,» 2.6 .ai9T .MM» -.000»» .08190  -.OOM* .•MM 
•0-  5 STEADY .0 530 .276 .9u6 -2,» 2.0 #o ,0 •!,• 2,8 .OUT .00«*1   -.OMIT .•Ml* -,u»l*» .MM« 
•0- k STEADY .0 310 .265 .9?« -2,» 2.0 #o ,0 -1,1 2,9 .gl»9 .•l«M -.MM* .•MIT -.•M8« •*M*7 
•C-   7 STkAOY .0 *« .256 1.042 •3,0 2.0 -a2 ,0 •!.» 1.0 .uu» .•1**1   -.OM*» .MM* •,(••«• .»Mil 
• 0-  1 STEADY .u JD« .2«6 l.l«« -2.» 2.0 -al ,0 »I.J 2,8 .0165 ,•1«**  -,000»» .•MM -.O^MI .MM* 
fit. " STEADY .c »«■> .235 1.(5« •t.9 2.0 t0 ,0 •I,! 2,9 .Ul2* .01»«1     .00020 .•MM -.MtM ■.•Ml* 
• 0-10 STEADY .0 »I .225 !.»•• -3.1 2.0 io ,0    -,6 3.1 .U181 .MM«     .OM21 .88*»« -.MU1 -.MM» 
••-11 STEAD« .0 Ml .221 I.»i6 -S.S 2.0 f e ,0    -,1 3.3 .0011 .0*»T» -,OM»» .M21S -.aMTt 

.88*11  -.081«» 
-.•MM 

•I- i STI»0« .0 13«. .251 1.«»« •3.» 2.0 ,0    -,» 3.« ..DlTT ,02051     ,00052 -.MM« 
•1- • STEAD« .0 m .2«3 1.611 •3.5 2.0 (o ,0    -,3 3.S • III«* .02»»3     .»Mil .88»»» -MM« -.MlM 
•1- » STEADY .0 »3J .267 1.692 •3.5 2.0 ^o .0    -,» 3,5 ,01*2 .•111*     .00021 ,••17*  -,0MM •.MlU 
• 1-  k STEADY .0 >f.i) .29« 1.67» •3,9 2.0 io ,0     -,< 5,9 ,006* .•MM     .00102 ,ooi»i -.oo*M ■.MlM 
• I-   T STEAD« .0 2»» .32« l.o.t -»,2 2.0 .#5 -,5    -.3 «,2 ..U«83 .0*91»  -.Ml*» .0809» -.08111 .M*M 
• 1-   • S«EAC« .1 31« .Mi l.»j5 •»,1 2.0 #o ,0  -1,5 9,1 -.0215 .•MM     .MM« .0010» -.08*8* 

.06210 -.oai»i 
-•Mil 

• 1-   • STEAD« .0 S" .«09 l.«3l •3.2 2.0 .0 .0 -2,« 1,3 .021» .022*9     .00001 ■.MM* 
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1          TABLE X. STRUCTURAL DAMPING COEFFICIENTS FOF i THE ROTATING    i 
BLADE (BLADE CENTER OF GRAVITY AT . 25 CHORD) 

I                                                         n 

asR 
Mode Description (ft/sec) RPM e ! 

Flapping 300 319 .020 
1st. Flapwise 300 319 .037 
2nd. Flapwise 300 319 .031* 
3rd. Flapwise 300 319 .038 
hth.   Flapwise 300 319 .01*0 
1st. Torsion 3^0 319 .019 
2nd. Torsion 300 319 .019 

Flapping 500 531 .012 
1st. Flapwise 500 531 .020 
2nd. Flapwise 500 531 •025 
3rd. Flapwise 500 531 .032 
Uth. Flapwise 500 531 • 035 
1st. Torsion 500 531 .019 
2nd. Torsion 500 531 • 019 

Flapping TOO 71*3 .010 
1st. Flapwise 700 lh3 .013 
2nd. Flapwise 700 7^3 .019 
3rd. Flapwise 700 71*3 .026 
Uth. Flapwise 700 71*3 .032 
1st. Torsion 700 71*3 .018 
2nd. Torsion 700 71*3 .018 
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TABLE  XIV. BLADE NONHARMONIC RESPONSE 

RUN-PT u DATA                                          COMPONENTS 

I       N0- ■ CHANNEL                      a                          b r 
a m                         a m 

67-9 .36 ;                    .1                      .2 .2 
.36 ß                    .0                  - .1 .1 

1 67-10 .32 C                     .1                       .2 .3 
.32 ß                      .0                    -  .1 .1 
.68 ß                      .0                        .0 .1 

67-11 .28 ;                  .1                   .6 .7 
.28 ß                    .1                  - .3 .3 
.72 ß                -  .2                   -  .1 .2 

1.28 ß                .0                 .1* .1* 

67-3 2 .2k C                 -  .2                        .9 •9 
.2k MF.30R                     '2                        -5 .6 
.2k Mr.l8R                ' 'Z                      •? .6 
.2k ß                -  .3                   -  .1* •5 
.76 MF.30R                "  '2                       ^ .1* 
.76 MT.IÖR                -  'B                  -  -2 .8 
.76 ß                 -  .2                       .2 •3 

I.2it MF.30R                 -   -J                    -  -1 .1* 
1.21» Wr.i8R                .8                  .6 1.0 
1.21* ß                 -   .2                         .1 .2 

68-3 13.58 MF.30R                     'i                   - 'k .6 
13.58 MF.60R                     .6                       .0 .6 
13.58 »T.lSR                   -9                 - -3 1.0 

|68-1* 13.65 MF.30R                ~  •2                       ^ •7 
j 13.65 MF.60R                ~  •!                       -6 .6 

13.65 Wr.lSP               " '5                   i.l 1.2 

68-5 13.71* MF.30R                    -Ü                  " •1 .8 
13.7l+ MF.60R                    'J                  " -S .8 
13.71* Mr.l8R               ^                - -i 1.1* 

68-6 13.81* MF.30R                     -J                   "  -6 .8 
13.81* MF.60R                     -o                   "  -o .8 
13.81* MT.18R                   1-3                   -  -9 1.6 

68-7 13.9^ MF.30R                "  ^                   "  ^ 1.0 
13.96 MF.60R                -  -T                   -  -7 •9 
13.96 Mr.lSR             - -9               -i-1* 1.7 

68-9 13.72 MF/30B                    '5                  " -j» •T 
13.72 MF.üOR                    'k                  - ^ .6 
13.72 WT.IöR             i-0             - -T 1.2 

7l»-3 9.70 ^.SOR                "5.2                  -3.6 6.3 
10.52 MC.30R              -W-8                -15-2 25.0 1 
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TABLE XIV - Continued 

1 RIB-PT "■ DATA COMPONENTS 
HO. ■ 

CHANNEL a b r   1 Q m D B  1 

7U-J» 9.71 ÜC.30R 
1.0 5.1 5.2 

10.52 -I6.2 -18.6 21*.6 

7U-5 9.71 ^^OR 2.3 - »».7 5.2 
10.52 "C^OR -lU.I» - 8.U 16.7 1 

7U-6 9.71 Mc^OR 3.6 - 3.U 5.0 1 
10.52 Mc^OR 10.8 12.0 16.0 

7U-7 9.71 ^^OR -   .6 U.6 U.6 
10.52 "C^OR -12.2 - 8.3 15.6 

7U-8 9.70 Mc^OR l».6 - 1.0 M 
10.52 Hc.SOR 9.8 10.2 1U.2 1 

7U-9 .22 *. -    .5 .0 •5 1 
9.71 Mc^OR 2.7 - 3.3 M 

10.52 WQ^OR 10.1 - 8.6 12.3 

75-6 5.26 "C^OR - - 31.U 

75-7 5.28 Wc^OR - - 3U.0 1 

75-8 5.27 Mc^OR - - kl.k 

75-9 .35 C .3 .0 .3 
.35 0 -    .2 .0 .2 

75-10 .33 C .1* -     .2 5 1 
.33 8 -    .3 -     .1 .3 

75-11 .29 C .3 -     .7 .8 
.29 MF.30R -    .2 .0 .2 
.29 ^T.lSR -    .1 .6 •T 
.29 ß -    .k .0 .k 
.71 MF.30R -    .2 • 3 .k 
.71 Mr.l8R -    .3 -    .3 •5 
.71 ß .3 .0 .3 

1.29 MF.30R .0 • 5 •5 
1.29 WT.ISR .5 -     .2 .6 
1.29 B .2 .0 .2 

1 77-12 5.26 Mc^OR - - 8.8 

77-13 5.26 Mc^OR -• - 9.2 

79-10 .29 C -    .1* -    .3 •5 
.29 
.29 

MF.30R -    .1 
.0 

.2 

.3 
.3 
•3 

.29 MC^OR - 2.3 l.J. 2.6 

.71 Mp^OR -    .3 .1 •3 

.71 8 .1 .k .k\ 

9k 



TABLE HV - Concluded 

RUN-PT "n. DATA COMPONENTS 
NO. 

m 
Q 

CHANNEL am bm rm 

.71 
1.30 
1.30 

Mc^OR 
MC.30R 

ß 

.1» 

.2 

.2 

.1* 

.3 
-    .2 

• 5 

.3 
1.30 MC.30R .2 -    .3 • U 

81-9 .27 C .5 .k .6 
.27 
.27 

Mr.l8R 
6 

- ,1 
- .1 

.1 
-    .3 

.7 

.3 
.73 
.73 

MT.l8R 
0 

-   .6 
.1 -     .2 

.7 

.3 
1.27 
1.27 

MT.ISR • 7 
-  .1 .0 

.8 

.1 

81+-6 .50 
.50 

^r.iSR - .5 
- .1 

- .6 
- .3 

.7 

.3 
1+.52 
k.53 

Mr.i8R 
MC.30R 

.9 
• 9 

.5 
- M 

1.0 
U.8 
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Figure 18. Experimental and Theoretical Blade Lag Angle During 
Transient Conditions; Vs = 120 kn, p = 0.29, 
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Figure 19.    Experimental and Theoretical Blade Flapwise Bending 
Moments During Transient Conditions; V8  »  120 kn, 
u ■ 0.29, TfCG/c ■  0.25. 
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Figure 19.    Continued. 
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Figure 19.    Concluded, 
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Figure 20.     Experimental and Theoretical Blade Flap Angle During 
Transient Conditions;  Vs = 120 kn,  u ■ 0.29, 
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Figure 39. Blade Response Versus Azimuth Durin~ Advancing 
Blade Aeroelastic Limits Testing; YcG/c = 0.35, 
as = 0. 0°, als = b15 = 0.0°, OsR = 700 ft/sec, 
ec = 4.0°. 
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APPENDIX I 
DESCRIPTION OF FACILITIES AND EQUIPMENT 

WIND TUNNEL 

The 18-foot Main Wind Tunnel at the United Aircraft Research Labor- 
atories is a closed-throat, single-return wind tunnel capable of speeds up 
to approximately l80 knots.    A cutaway drawing of this tunnel is shown in 
Figure 73.    The test section has an octagonal cross section.    Tunnel stag- 
nation temperature is held approximately constant by variable-opening air 
exchangers.    Stagnation pressure is atmospheric and is constant throughout 
the unobstructed test section.    Tunnel controls and data acquisition equip- 
ment are located in the control room adjacent to the tunnel test section. 
Windows permit constervc observation of the model from the control room. 

DATA ACQUISITION SYSTEM 

The rotor balance is of the six-component, intemal-strain-gage, 
floating-frame type.    The balance is highly linear,  is temperature com- 
pensated, and has small or negligible interactions between components. 
Interactions between balance components     .re determined experimentally and 
were included in the data reduction calculations.    The rotor balance data 
were recorded manually from Baldwin SR-U Precision Indicators  (Type L-50). 

The principal acquisition device  for the dynamic data was  an Ampex 
Model AR 200 magnetic tape recorder, which had a capacity of I1* informa- 
tion tracks and 2 edge tracks.    The recording system was wide band F.M. 
A total of 11 tracks were used for dynamic data, 2 were used for rotor 
azimuth reference contactors, and the final track contained a data run 
command used in data reduction processing. 

The blade strain gage instrumentation data were supplied to the tape 
.hrough Sikorsky-built signal conditioning modules.    Blade flap and lag 
uigles were measured with Clifton Linear Generators.    Special equipment 
supplied the complete flap and lag signal to the tape;  it also electric- 
ally separated the first harmonic part of the flapping signal and resolved 
it into its longitudinal and lateral components.    The first harmonic flap- 
ping components were displayed on the model control console and were re- 
corded manually for use in the rotor performance calculations.     Rotor 
control input data were acquired from two swash plate actuator potentiom- 
eters and the collective pitch  follower potentiometer. 

On-line spectral analysis was provided through the use of a tracking 
filter and an x-y plotter patched into the appropriate data channels. 

Operation of the recording system was accomplished with a single 
control unit which featured selectable time duration data bursts and 
automatic calibration sequencing using standard resistance techniques. 
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DATA REDUCTION 

The rotor balance readings, tunnel parameters, control console in- 
puts, and first harmonic flapping components were transferred to punch 
cards and processed on a UNI VAC 1108 digital computer. 

The dynamic data channels were processed by a nine-bit analogue to 
digital converter.    The digital data were placed in the desired format on 
the digital tape by a Scientific Data Systems Computer, Model 910.    The 
digital tape was processed by a UNIVAC 1108 computer to obtain the data 
in the desired physical units.    The calibration records were converted 
from analog to digital form along with the actual test data to which they 
applied. 

DATA ACCURACY AND REPEATABILITY 

Rotor Performance Data 

The repeatability of the rotor performance coefficient data is 
approximately 5 percent of the maximum reading,  as demonstrated by com- 
parison with the results of Reference ?•    This  figure exceeds  conservative 
estimates of the accuracy of the rotor balance and tunnel parameter 
data.    It is believed that the data repeatability is governed by the 
accuracy of the control servo, which is  approximately 0.5 degree  for the 
collective and cyclic pitch settings.     The repeatability of the data can 
be related to physical quantities for better appreciation of its  im- 
portance.    Tne model rotor lift,  for instance,  repeats within approx- 
imately 10 pounds,  or 5 percent of the maximum lift force obtained during 
the test.     This  is equivalent to a repeatability of 2,560 pounds for the 
dynamically similar condition with a 72-foot  full-scale rotor. 

Blade Load and Moment Data 

It is estimated that the static accuracy of the blade dynamic date 
acquisition system is  approximately 2 percent  of the  full-scale reading. 
This is equivalent to approximately 0.2 degree   of   flapping or lagging 
amplitude, or 2.0 inch-pounds of bending or twisting moment.    This is 
similar in magnitude to the data repeatability indicated by average read- 
ings taken during the  dynamic zero points for each wind tunnel run, which 
generally differed fron zero within that tolerance.    It is believed that 
the dynamic variations  in load and moment are measured with even greater 
accuracy than 2 percent of full scale,  since orderly variations of much 
smaller magnitude were noted in the data.     In any event, the 2 percent 
full-scale  accuracy represents an error in full-scale equivalent stress 
on the order of only 200 pounds per square inch, which is of little 
practical significance. 

It should be noted that variations between individual time history 
records for different revolutions taken during actual test points include 
nonharmonic motions.     If the rotor has  significant random motion com- 
ponents, the concept of data repeatability has meaning only for the com- 
parison of data intervals of appropriate time length. 
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APPENDIX II 

TABLES OF MAXIMUM AND MINIMUM BLADE RESPONSE 

I TASL£ XV. MAXIMUM AND MINIMUM BLADE MOTIONs AND LOADS 
CBLADE tENTER OF. IRAYITY AT ,25 CHG«bt TANIENT DELTA) : 1,0) 

RUN- TYPE KTA ..-,30R MF 160R MT 1 35R 
PT. C0£4U CIN,;..u) CIN,-\.1) CIN,-LB) 
NO, 

MAX, MIN, MAX, . :.;IN, MAX, MIN, MAX, MIN, 

lt2.. 5 INITIAi. 1,3 t.z u. ·5. u. ~5. 2. -6. 

-~· 6 
~ST FINAL '·' -a.l u. -~. 12. -7. ... •5. 

Ita• 7 TRANSIENT 7,0 -··· u. •6, u. •11. •• -6. 

-~- 8 
INITIAl. ·~~ 1.1 u. .... u. •5, 2. -5. 

•i2· 9 TEST FINAL 3.2 l.lt u. ·5 1ft, •7, 2. -6. 
·4' -~-10 TftANS~~NT a.• leO u. -. 15. .... ... .... 

.... u INITIAL 2.0 leO 10. -2. u. •3. 1. -7. 

-~-12 TEST FINAl 3,1 -.5 12. -3. 12. •5. 2. -6. 
. lt2•! 3 TRANSIENT ... 3 -.e 1ft. .... u. •5, •• •12 • 
1t2•l .. INITIAL .. a.2 ,9 u. .... 12. -3. 1. -6. 
~t2•15 TEST FINAL ... , •• a 13. . ... 12 • .... 1e •7 • 
1t2•16 TRANSIENT ..... •• a u :. •6, 12 • . ... ... -u. 
1t2•17 INlTUL. a,a· 1.0 10, .... 12, •3. 1 • •7. 
-~·18 . :'.l'$t·· F INA.&. 3,·1 -.7 10, •4, 12. •2. 1. -7. 

:I:~ TRANS-tE~n 3,9 ••• u. •6. u. •l. 2. . ... 
INITJ~L 2.1 .~ n • .... 12. •l. 1. • •• 

lt2•2l Tf:ST J:IHA . .... ~ •1.15 13, .... 12. •5, 1. •7. 
1t2.;.a2 TRAf\ISIEH' 5·.! •l.-6 13. .... u. -·· 3. -u. 
-i.~a3 I'NlTIAt.. . a.~ t.·o u. -;s. u. •3. 1. • •• 
•a-a• TEs;Y ,l~Al s.o· -a.o 12. -3. u. .... 2. •7. 
lt2.;.a5 1R~~I$1tf\li 5.7 -a.o 12. ·1·. 16, •5. •• •11. 
~t2•26 INI~UL s .... -3.1 u • •5, u. •5, 2. -s. 
.-2•27 TEST. ·FINAL ,_ ... -5.e 2ft. •lt3, .. 2. -zz. - -
•z.;ae TAAt41ENT 9.5 -5.e ~5. ...... lt3, •21. -· -· 
lt2.;.a9 INITIAL .... -2.1 "· -s. 16, •7. - -
: - ~:.030 TEST 'INAL 7.1 -2.9 u. •5, 16, ••• - -
'2~31 T!'ANSIEI]tT 7.3 -3.0 15, . ..,, 16, -·· - -
11 4~Si INITIAL 6~3 -a.o u. -·· 15, •1. - --.z.;.n T~ST FINAL ••• -a.6 u • -7. 14. •7. - -
-~~" TRANSIENT 7.2 -a.9 15. •7, 15. •1, - -
..,~,~ - INITIAL 2~2 le6 1, -1. 1, -6, - -
•2~36 T£ST FlNAl ... , 1 ... 11 • •1, n. -·· - -,,.;., TitANS lENT ,,., le! u. ••• u • -·· - -
-~~- INiflAL. z.• 1~7 12. -!5. u. •1. - -.. ,~,, TEST -'INAL 6,1 •2.1 u. -6. "· •6, - -
·--~0 T~At$1ENT 6.1 •3,0 ~1. ••• 19, •12. - -
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TABLE XIJ - Continued 

kUN• TYPE ZETA BETA MF.30A ~F.60A MT.35R 
PT. COEG) COEGI CIN.-LB) UN.-LB) UN.•LB) 

• 

NO. 
MAX. I"IIN. MAX. MIN • . MAX. MIN. MAXe MIN. MAX. MINe 

II!J• I) INITIAL 3.9 l.O 2.1 .1 lit. -e. 15. -7. 3. -9. 
115• 7 TEST F.l~~L 1to3 3.3 3.5' -.1 20. -10· 19. -9. 5. •lle 
ll"i- 8 TRANSIENT 1+.6 l.l 3.5 -.3 18. -9. lCJ . -9. 5. -11'. 
145- q IN.JJIAL 3.9 2·8 2.0 • a 13. -e • 15. -s. 3. -e. 
lf5•10 TCST FINAL 3.8 2. 7 3.7 -1.6 15. -7. 18. -9. ... ..;[j). 
115-11 TRA~S.It~.J ... o 2.7 1+.1 -a.CJ 16. -9. 17. -·· lt. -u. 
1+5-14! INITIAL It eO 3.1 2.0 -.1 13. •Cj. 15. -9. ... -9. 
11!'>-13 TCST . F_I_N~L 1+.5 J.lt 11.3 -a.s 18. -9. 20. -9 •. a. -a• .. 
115•111 TRANSIENT ... 6 3o0 1+.7 -a.s 20 . -to. 21~ -ao. a. -u;. 
115-1!) I14ITI!'\L 5.2 ... 2 2.8 ... 20. -ao • 21. -9. u. --~-19. 
ltt;-16 TEST FINAL 5.1 3.6 6.6 -2.9 25. -9. 23. -12· u. -z~t. 
1t5•17 TRANilENT 5.3 3. o 7.11 -3.2 25. -u. 25. -16. u. -26. 
115-18 INITIAL s ... ... o 3.o ... 20. -to. 21. -1o • 9. -it. 
1+5•19 TEST FJNAL s ... loB ... o -1.2 22. -u. 21. -to. . .ll•. -l~, 
115-20 TRANSIENT 5.5 J.8 11.1 - .1·1 24. -13· 21t. -u. 11. ~zo. 
115•21 ltdTlAL. 5,2 ltel 3.o • 3 19. -10· 21 • -9. a • . -~'1' 115-22 TEST FHIAL 5.2 1+.0 5.1 -.s 18. -to. 20. -9. 7. -1 • 
115-23 T~AN51ENT s ... 3e9 5.3 -.a 22. -12· 23. -12· U.• .-2~. 
1+5-24 INITfAL 5.2 1+ . 0 3.1 ... 23. -12. 22. -to. u. -19. 
115-25 TESI .E.lNAL 5.2 ... , 6.6 -3.3 19. -9. 19 • . -.lo~ .. 'L~ ll5•2b TRANSIENT 6.3 3.8 1. ~ -1+.2 22. •Ill. 22. -as. 11. - • 
145-~7 INlTlM. .. 5.2 3.9 3.o .It 20. -u. 20. - ·ao. u. -19. 
115-2tt TEST FINAL 5.3 3.8 7.9 -3.1 22·. -u. 21. -12. 10.---2'i ~-
115•29 TRAtotSl.~NJ. s.~ 3.8 Bel -3 ... 25. -a3~ ~~. -1~. - .. l.lt . -~~·-
116• !) INITIAL 1+.8 3.5 5.9 -3.7 21. -u. 11. -to. 9 . - 10. 
116- b TE~T .F.J~AL 5.7 1+.2 5.5 -2.3 25. -u. 21. -u. lle -lite 
llf>- 7 TRANSIENT S~A 3.1+ s.a -3.7 26. -12. 22. -12. 10. •lit. 
llf>• ~ lt•ITIAL 5.0 3.5 5.9 -3.6 21. -12· 11. -u. '· -11 . 
Iff,- Cl TEST -FINAL 1+.6 3.1+ ..... -1.6 20. •lito 19. -u. 10.- -12-~ 
llf>-10 TRANSIENT ... a 3.3 5.7 -3.5 21. -aJ. 20. -12. a. -12. 
llt.-11 INITIAL ... 9 3.6 5.8 -3.5 20 • -u. as. -ao. 1. -u. 
llf-•12 TEST FINAL 5.7 1+.1 ... 5 -1.1 21. -13. 21. -12 • 10. •lite 

. 1t6-13 TftANSIENT 5.6 3 ... 5.7 -3.5 21t. -as. 22. -12. 9. •15. 
~-1'• INITIAL 2.7 1·9 3.3 .a 20. -12· 17. -16. 1 . -12. 

llf>-15 TEST FINAL 3.8 2.3 5.9 ... 25. -12. 25. -21. 13. -2a. 
llf>•lb TRANSIENT ... o , ... 6.1 .o 27. ., ... 26. -&a. 13._ -26. 
116•17 INITIAL 3.9 3.0 1.6 -.2 16. -9. lit. -e. 6. -7. 
ltf,-18 n:sr F.l~AL . 3.2 2.11 5.9 -3.5 lit. -ao. 15. -u. 5. -9._ 
116-19 TRANSIENT 3.6 2.2 6.5 -3.q 16. -u. 16. -17. a. -ao. 
llf>-20 INITIAL 3.3 2.3 2 ... ... 15. -ao. 16. -13 • 5. -e. 
ltf>-21 TEST FINAL 3.8 2.8 5.2 -lt.l 17. ·to. 12. -9. 7. -6. 
llf>-22 TRANSIENT ltel 2.6 5.6 .... 8 18. -a~+ • 22. -16. a. -1o. 

• 
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TABLE XV - Continued 1 

RUN- TYPE ZETA BETA MF. 50R MF. S.OR MT. J5R MC. 30R 
PT. 
NO. 

(0E6)               (DE6) (IN. -LB» (IN.-LB) (IN. •LB) (IN. -LB)     j 

MAX.   MIN.        MAX. MIN. MAX. MIN. MAX. MIN. MAX. MIN. MAX. MIN^J 

1 «7-  5 INITIAL • .7     3 -1.1 17. -18. 25. -21. 7. •19, 19. -31. 1 
••7-  b TEST FINAL 3.7     2 -•.6 30. -•0. • 1. -31. 8. -33. •2. -51. 
• 7-  7 TRANSIENT -5.0 •0. -•2. •8. -32. 13. -33. ••. -56. 
«7- 6 INITIAL -1.1 15. -21. 25. -21. 8. -15. 23. -39. 

1 «7-  9 TEST FINAL -3.« 20. -35. •0. -32. 13. -16. 62. -95. 
1 "»7-10 TRANSIENT -3.* 30. -36. • 1. -32. 1«. -17. 27. -26. 
1 «7-11 INITIAL -.B 13. -18. 20. -19. 10. -13. 26. -36. 

•7-1« TEST FINAL -2.« 15. -19. 26. -21. 8. -18. 26. -26. 
•7-13 TRANSIENT -2.a 19. -22. 28. -22. 8. -20. 36. -26. 

I •7-1« INITIAL -.9 16. -19. 22. -19. 7. -12. 27. -21. 
•7-15 TEST FINAL -2.7 16. -21. 22. -10. 7. -15. 31. -11. 

1 •7-16 TRANSIENT -2.« 18. -21. 29. -19. 9. -19. 31. -17. 
•7-17 INITIAL -5.0 21. -22. 22. -17. 13. •13. • 1. -35. 
•7-1« TEST FINAL -1.3 SI. -36. •3. -30. 19. -21. 75. -90. 1 

1 •7-19 TRANSIENT -•.8 34. -•1. •5. -30. 23. -20. 66. -3«. 
1 •7-ao INITIAL -1.7 2«. -26. 25. -26. 22. -12. •0. -10. 

•7-11 TEST FINAL -3.5 29. -32. 36. -19. I«. -16. 66. -97. 1 
•7-t2 TRANSIENT -3.> 29. -35. •1. -31. 23. -17. 66. -90. 

1 •7-t3 INITIAL -1.5 26. -23. 23. -17. — mm 39. -IS. 
1 •7-a* TEST FINAL 

TRANSIENT 
-3.* 30. -»•. 39. -36. !•. -16. 67. 

:»: •7-t5 -3.3 31. -35. 39. -3«. IS. -19. M. 
1 •7-«6 INITIAL -1.5 29. -2^. 25. -15. IS. -11. •2. -so. 

•7-a» TEST FINAL -5.» •5. -21. •6. -19. •9. -9. 67. -67. 
1 •7-t9 

•7-30 mr -5.6 •8. -1». •6. -19. 51. -19, 70. -77. 
-»•• 29. -11. 22. -16. 13. -12. 50. -97. 

•7-31 TEST FINAL -5.5 36. -91. •6. -30. 11. -21. 67. -90. 
•T-3I TRANSIENT -5.2 31. -•0. •6. -30. 23. -23. 79. -97. 
•7-33 INITIAL -5.3 36. -•1. •7. -It. 12. -21. 60. -98. 
•7-3« TEST FINAL •i,% 28. -31. 37. -50. 16. -19. 70. -96. 

1•7-3» TRANSIENT -5.2 36. -•1. •6. -SO. 13. -21. 67. -56. 
•7-36 INITIAL -5.3 33. -•0. •6. -so. 12. -19. 60. -91. 
•7-37 TEST FINAL -1.5 27. -!•. 22. -17. 25. -12. 51. -91. 
•7-3« TRANSIENT -5.^ 35. -M. •9. -SO. 16. -21. 75. -9«. 
•7-39 INITIAL -1.7 33. -•0. •5. -SO. tl. -20. 77. -SS. 
•7-«0 TEST FINAL -•.9 26. -11. 19. -16. 26. -11. • 1. -$». 
•7-«l TRANSIENT -5.2 •0. -36. •2. -31. 16. -19. 70. •OS. 
•7-«2 INITIAL -2.2 •2. -51. 57. -SI. 35. -20. 67. -09. 
•7-«3 TEST FINAL -5.1 26. -30. N. -17. 10. -1». 60. •17. 
•7-*^ TRANSIENT -5.3 •7. -«7. 5«. -16. 3%. -19. 67. •7». 

 1 
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TABLE XVI. MAXI MUM AND MI:JIMUM BLADE MJTIONS AND LOADS 
(BLADE CENTER OF GRAVITY AT .25 CHORD, TMIGENr DELTA3 = 0. 0) 

-
RUN- TYPE ZETA BETA MF.60R Ml'. 35R 
PI'. (DEG) (DEG) (IN.-LB) (IN.-LB ) 
NO. 

MAX. MIN. MAX. MIN. M.-~X. MIN. MAX. MIN. 

49- 5 INITIAL 5.9 4.8 2.7 1.7 17. .. 9. 3. - 7 . 
49- 6 TEST FINAL 6.2 4.5 6.8 -1.8 17. -11. 7. -14. 
49- 7 TRANSIENT 6.1 4.6 6.9 -1.8 18. -13. 6. -16. 
49- 8 INITIAL 5.8 4.7 2.7 1..7 17. - 9. 2. - 7. 
49- 9 TEST fiNAL 7.1 5.6 4.6 .6 23. -10. 9. -11. 
49-10 TRANSIENT 7.3 4.8 4.6 . 7 2', 

"'' -12. 10 . -16. 
49-ll INITIAL 6.9 5.8 2.7 1.4 18. - 6. 2. - 7. 
49-12 TEST FINAL 7 .1 5.8 4.4 .o 20. - 9· 2. -10. 
49-13 TRANSIENT 7.3 5.7 4.2 . 2 21. - 9. 2 . -12. 
49-14 INITIAL 6.8 5.7 2.9 1.7 19. - 7. 2. - 7. 
49-15 TEST FINAL 7 .1 5.8 4.9 - . 2 17. - 7. 3 . - 7. 
49-16 TRANSIENT 7.2 5.4 4.9 - .3 17. - 8. 4. -15. 
49-17 INITIAL 7.1 5.8 2.9 1.7 18. - 6. 1. - 7. 
49-18 TEST FINAL 7 . 0 5.8 4.4 .1 17. - 6. " - 9· -· 49-19 TRANSIENT 7.1 5.4 4.5 - .2 20. - 7. 3. -12. 
49-20 INITIAL 6.9 5.8 2.7 1.6 17. - 8. 2. - 7. 
49-21 TEST FINAL 7.3 5.8 6.1 -1.1 19. - 9. 4. -10. 
49-22 TRANSIENT 7.6 5.8 5.9 - .9 18. - 9. 5. -14. 
49-23 INITIAL 7.0 5.8 3.0 1.8 19. - 7. 2. - 6. 
49-24 TEST FINAL 7.0 5.6 5.9 -1.2 19. -10. 4. -14. 
49-25 TRANSIENT 7.0 5.2 5·9 -1.1 20. -10. 4. -13. 
49-26 INITIAL 6.0 4.6 6.3 -2.6 19. - 9. 2. - 6. 
49-27 TEST FINAL 5.2 3.4 9.0 -6.2 40. -28. 6. -10. 
49-28 TRANSIENT 5.5 3.2 9.0 -6.2 40. -28. 7. -10. 
49-29 INITIAL 7.7 5.7 7.1 -1.8 21. -10. 9. -21. 
49-30 TEST FINAL 1.1 5.5 7.9 -2.7 23. -10. 5. -26. 
49-31 TRANSIENT 8.2 5.0 8.0 -2.9 22. -14. 10. -24. 
49-32 INITIAL 7.8 5.7 7.2 -2.0 20. -11. 9. -18. 
49-33 TEST FINAL 7.6 5. 4 7.8 -2.3 21. -10. 12. -20. 
49-34 TRANSIENT 8.2 5.5 7.6 -2.2 20. -11. 14. -37. 
49-35 INITIAL 2.5 1.1 3.3 2.3 15. -16. 9. -18. 
49-36 TEST FINAL 5. 7 3.1 7.0 - .1 15. -16. 16. -33. 
49-37 TRANSIENT 5.6 1.0 7.1 - .1 17. -21. 18. -38. 
49-38 INITIAL 5.1 3.4 3.9 2.5 18. -18. 13. -24. 
49-39 TEST FINAL 4.8 3.4 7.1 -2.3 18. -10. 8. -12. 
49-40 TRANSIENT 5.5 3.4 7.0 -2.1 21. -17. 14. -27. 

264 



TABLE XVI - Continued 

RuN• TYPF: ZETA BETA MF.30R MF.tiOR MT.35R 
F-T. COEGI COf.l>l CIN.-LBI CIN.·LBI CIN.•LBI 
~o. 

~:AX. MIN. ~~ tX • MlNo MAX. MIU. MAX. MIN, MAX. MIN. 

5•- !I li<ITIAL 5.1 3.5 5.C'J -;,.3 t9. -ao. a9. -t3. ... -t3. 
511- tl lEST FINAL \).6 11.7 11,6 -.11 26. •t7. 27. -u,. 22. -31. 
511- 7 TRANSIENT o,6 3,3 5,8 -3.1 ~-. -a4. 2e. -t6. 21. •37. 
511- II lldTIAL s.o 3.6 s.11 -3.3 20. -a2. 20. -14. ao. -13. 
511- 0 TEST FINAL 6,!\ ... 7 ... e -.9 22. ·ts. 2tl. •17. 20. •37. 
511-ll TRANSIENT 6,ft 3.0 5.7 -3.1 2e. -17. 26. -te. a9. -36 , 
511-12 INITIIIL 3.3 2o2 2.8 ... 20. -u. 17. -16. 7. -14. 
~11-13 II• til TEP FlNAL Tr.; .NSI NT ~:8 2.g t. J:t :J:! 12: :u: J'· -u· ... - . 2i· -r· a • - •• 
511-t!l trHTIAL 3.2 2 ... .a -.8 tl. -9. u. -7. t. -5. 
511-lb nsT FiNAL ~-~~ 2.7 ... 6 -~.8 a•. 

-·~· 19: -to. 7. -7. I 511• 7 ANSI NT • 9 2.11 11.6 - .6 15. -· . -u. 6 • -e. 
511-18 INITIAL 4.6 3.3 t.e •• 15. -9. 17. -9 • ... -7. 
511-19 TEST FINAL 5,9 4o2 11.9 -t.7 t9. ·to. 24. -t3. u. -20. I; 511-20 TRANS I tNT tl.l 3.11 ... 9 -a.8 a9. -to. 21t. -tt. u. -2,. 511-21 INITIAL 5,0 11.0 2.7 loS 11. -s. 15. -7. 2. -. 
511-22 TEST FINAL C».3 ... 9 4,7 ... 14. -ao. le. -e. 11. •15. 
511-211 TRANSIENT t~.z 3.9 11.8 ... 16. -e. 20. -9. u • -20. 
511-2!1 INlTJAt 2.7 1.8 3.1 2·2 11. ... ll. -10 • e. -16. 
511•2tl TEST F tlAL 5.9 3.4 6.? -.2 12. . ,,. u. ..... 15. -39. 
511-27 TRANSIENT 5.9 t.C» 7.0 -.1 21. -l4o 22. •18. 20. -35. 
55- !I I~ITIAL 3.5 2.5 .9 -1.6 13. -12· 17. -15. 6. - 11 . 
55- b TEST FIN~L 2.tl 1.6 5.11 -4.8 23, -23. 30. -26. 5. •22. 
55- 7 TRANSIENT 3.5 1·7 5.7 .... 5 21. •2lo lit. •26. 5. -22. 
55• II INITIAL 3.2 2o3 .6 -··· 11t. .. ,. 2a. •1eo ... ... 
5!§- 9 JrHTIAL. '·' 2oll • 7 -1.2 15. - 1s. 211. •20. ... -5 • 
55•10 TE:ST FINAL 2.3 a. 7 6.a -s.t l1o -2e. 311. •26. 6o -te. 
55-U TRANSIENT 3.0 a.3 C».6 -s.11 26. •26o 34, -26. 7. •19. 
5'\•12 INITIAL. 3.2 2ol .7 -t.s as. -a3. 20. -zo. 3. -5. 
35•13 TEST FINAL 3.2 z.o 2.e -l.a a2. -a a. u. -16. e. -7. 
55-t'+ TRANSit!'IT 3.2 2.1 2.9 -3.«» 20. -a7. 25. -25. 9. -5. 
55-a5 INITIAL 3.2 2.a • e -a.5 as. -11to 24. -23. 3. -7 • 
55•1tl TtST FINAL 3.2 2.3 2.1 -J.a a6. -a2. a9. -16. ... -5o 
5S•l7 TRANSIENT 3.2 1.9 2.6 - 3.6 te. -1e. 23. •19. 6. -e. 
55-111 INITIAL 3.a a.7 4.0 -5.o 27. ·ttl· 2S. ·te. 21. -e. 
55-19 TEST FINAL ),It a.7 3.2 -1.5 29. -27. 37. -26. 16. -15. 
ss-2o TPANSlENT 3.2 lo6 4.2 -5 ... 28. •29. 35. -25. 22. -15. 
55-21 INITIIIL 3,0 1.8 • 7 -1.tl 26, -a e. 26 • -a9. 22. -7. 
5!'i-22 TtST F.INAL 3.1 loB 2.0 -3.8 3a. -·5· 2e. •26. 2e. -5. 
55·2~ TRANSIENT 3,3 1.8 2.0 -J.Q 28. -15. 27. -25. 31 . -5. 
55-211 INl'!'JAL 3.a a.e .8 -1.1 23. -11to 25. -23. 21t. ... 
55-25 TEST FlNAL 2.9 t.e 2.7 -3.2 25. -17. 26. -2t. 21. -u. 
55-26 TRA~SIENT J,O 1.6 ~.8 -2.7 27. -20. 27. -23. 21to -12 
5!'i-27 INITI .~L 2.9 loti 1.0 -1.11 23. -16· 25. -17 . 20. -e. 
55-211 TC::ST FiN~ 2.7 loll 3.7 -5.7 Jlt. -19. 42. -2 ... 35. -5. 
55-29 TI<ANSIENT ' 3.a 1.6 3.5 -5.7 35. -2o. 31. -26. 36. -e. , 
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TABLE XVI - Continued 

RUN- TYPF ZETA BETA MF, bOR MT. 35R 
PT. 

!       N0, 
(DCG) (DEGI UN. -"-B» (IM, -LB) 

MAX. MIN. MAX. MIN. MAX. MIN. MAX. MIN.  

52- !> INITIAL •».5 3.« 5.9 -3.3 19. -13. 12. -15. 
52- b TTST  FINAL 6.2 <4.<« 5.0 -.'i 26. -10. 19. -38. 
52- 7 THANSIENT 6.1 3.3 0.9 -3.3 28. -16. 19. -33. 

!    5?- * INITIAL "».7 3.3 b.t -3.0 19. -13. 11. -13' 
52- 9 TEST FINAL 5.0 3.4 "».b -1.2 23. -15. IS. -23. 
52-10 TRANSIENT ».» 3.1 5.8 -3.5 22, -17. lb. -26. 
52-U INITIAL t.8 3.« 5.9 -3.1 19. -lb. 12. -17. 
52-12 TEST  FINAL 6.2 t.b 5.0 -1.2 25. -lb. 21. -37. 
52-13 TRANSIENT 6.1 3.<t 0.8 -3.'» 26. -17. 19. -37. 
52-1'» INITIAL 3.1 1.6 2.6 .6 16. -1*. 9. -13. 
52-lb TEST FINAL 5.» 2.6 8.5 -3.2 30. -19. 21. -38. 
52-16 TRANSIENT 5.7 1.5 8.0 -4.3 32. -20. 21. -90.        I 
52-lT INITIAL 3.2 2.2 1.6 -.3 13. -11. ». -5. 
5?-lb TEST  FINAL 2.9 1.9 6,1 -3.3 16. -13. 9. -12. 
52-19 TRANSIENT 3.2 1.7 b.l -3.0 17. -10. 11. -11 
52-20 INITIAL 3.3 2.2 1.8 -.2 15. -12. 0. -5. 
52-21 TEST  FINAL 2.8 2.1 0.7 -•♦.7 12. -e. 3. -6 
52-22 TRANSIENT 3.2 2.0 0.7 -0.8 16. -ii. 6. -* 
53- S INITIAL. 3.6 2.<» 2.0 .t 19. -n. 0. -6 
53- b TEST  FINAL t.9 3.2 5.2 -1.5 2«». -12. 1«. -20 
53- 7 TRANSIENT 5.2 2.6 5.1 -1.5 25. -13. 11. -17. 

I       53- • INITIAL 3.6 2.3 2.2 .3 IB. -10. <•. -7. 
1       53- 9 TEST  FINAL 3.9 2.5 0.1 -1.3 22. -12. b. -10 

53-10 TRANSIENT 3.9 2.« 3.9 -1.2 23. -13. 7. -12 
53-U INITIAL 3.5 2.t Z«£ .3 19. -11. 0. **• 
53-12 TEST  FINAL H.9 3.1 0.7 -l.l 25. -13. 12. -20 
53-13 TRANSIENT "».9 2.t. 0.0 -1.2 26. -13. 11. -IB 
55-1'« INITIAL 5.2 3.0 3.0 l.l 27. -16. IB. -27 
53-lb TEST  FINAL 6.2 3.0 7.2 -2.2 31. -17. 21. -36 
55-lb TRANSIENT 6.0 3.3 6.B -2.2 33. -18. 20. **' 
53-lT INITIAL 5.1 3.11 3.». 1.0 27. -1%. IB. -30 

53-10 TEST  FINAL 5.3 3.3 0.3 -.6 26. -1*. 19. -29 
53-19 TRANSIENT 5.3 3.1 ".S -.7 29. -16. 20. -35 
53-20 INITIAL 5.6 3.<t 3.3 .8 26. -17. 17. -30 
53-21 TEST  FINAL 5.3 3.0 5.5 -.2 28. -15. 15. -26 
53-22 TRANSIENT 5.6 3.0 5.3 -.1 27. -15. lb. -28 
53-23 INITIAL 0.8 0.1 3.1 .7 28. -16. IB. -30 
53-2H TEST  FINAL 5.1 3.0 7.2 -3.2 23. -lb. 8. -10 
53-2b TRANSIENT 6.1 i.b 7.1 -3.0 25. -15. lb. -29 

53-26 INITIAL 2.6 1.6 ?,6 .5 18. -16. b. -15 
53-27 TEST  FINAL 2.1» 1.1 0.1 -3.«» 16. -13. 2. -6 
53-2» TRANSIENT 2.8 1.3 5.1 -3.5 20. -10. 9. -17 
53-29 INITIAL 0.1 3.1 3.3 .9 2b. -15. lb. -31 
53-30 TEST  FINAL 5." 0.0 7.6 -2.* 27. -10. 17. -32 

j       53-5» TRANSIENT 6."» 3.7 7.9 -2.5 27. -19. 19. -s* 
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TABLE XVII  - Concluded 

MuH- TYPE «TA BETA •4» .30« «F .60» «tl .18« 

NO. 
CES> (DEO) IIN.-LBI 1 t' .-LBI (IN.-tBI 

CXT «IN. >4A« «IN. >««> .   N|N. «A« .   ««IN. «A« .   WIN.] 

1  bn-   i STr»0» «.9 3.T 3.5 2.3 13. -10. 1». -11. 7. -1*. 
fcfl-   '• STEAD» S.b A.O 3.9 2.A 13. -9. IT. 12. 10. -20. 
otl-  S STEAf • b.7 S.O «.0 2.t lb. -T. 20. -9 15. -25. 
M'-  e STEADT 7.J S.A ».3 2.S 16. -10. 20. -11. 20. •33. 
fcA-   T STEAOT A.2 6.1 «.A 2.9 lb. -A. 22. -10. 16. •35. 
b«»  » STEADY H.T J.b 3.T 1.8 IA. -8. 18. -8. 9. •22. 
fcfl-   o STEAD» b.T A.1 3.9 2.0 1». •11. 19. -II. IA. •JO. 
b»-!" STEAD» fe.S A.9 A.3 2.3 20. -.'.A. 21. -11. IT. •55. 
bb-l» STEAD» T.J S.b A.2 2.2 23. -12. 22. -13. 22. -AO. 
btt'l? STEAD» «.i «.2 t.b 2.3 21. -10. 2b. -10. 21. -92. 
bb-n STEAD» ».9 3.T 3.2 1.6 IA. -15. IT. -11. 8. -IT. 
brt-1'. STEAD» 5.« A.O '.S 1.6 IT. -b. 19. -IA. T. •25. 
bfi-l'j STEAD» t.i A.b 3.8 1.7 19. -10. 21. -13. 
bA-lb STEAD» T.O S.3 3.8 1.8 16. -u. 22. -IA. —      j 
bA-|T STEAD» «.* 3.3 3.0 1.0 18. -10. 21. -1J. 11. -15. 
b«-l« STEAD» O.J 3.S 3.S 1.0 2A. -12. 2b. -IA. 16. •It. 
b(t-l« STEAD» b.O A.2 3.S 1.1 2A. -IA. 2T. -15. 
b«-2P STEAD» b.b *.T 3.9 l.A 22. -13. 2T. -10. - -      I 
b"-   J STEAD» b.3 A.T A.3 2.2 18. -8. 19. -11. 13. -27. 
«a.  n STEAD» A.1 o.l A.8 2.A 2b. -10. 23. -11. 
b«.  •> STEAD» b.A A.3 3.S .6 2b. •u. 28. -15, - i 
fc«.  b STEAD» b.l ».A 3.« .6 29. -11. 29. -15. - ~      I1 

b».  T STFAC» S.8 3.9 A.O .3 _ ij 

TO-   ^ STEAD' b.2 3.A 3.3 .0 33. -12. . • IA. •15. 
TO-   « STEAD» }.0 1.9 I.B .0 IT. -10. _ . 13. •10. 
TO-   % STEAD» '--.5 3.9 3.9 -.3 39. -16. - 22. •27. 
TO-   b STEAD» S.5 3.T 3.8 -.1 3T. -IA. _ 18. •21. 
TO-   T STEAD» S.» 3.0 A.2 -.S A3. -IT. - 29. •29. 
Tr- a STEAD» s.o 2.» A.O -.7 A6. -19. _ 32. •29. 
TO-   « STEAD» ».1 t.S 3.S -1.0 Ab. -20. - 36. •19. 
TO-in STEAD» A.« 2.» 3.9 -.8 A6. -20. - . AO. •17. 
Tl-   J STEAD» 3.2 1.9 l.S -I.« IT. -18. . A. -S. 
Tl-   H STEAD» 3.1 2.1 1.9 -.9 12. -12. . _ 3. -3. 
TJ- r. STEAD» 3.3 2.1 .8 -1.2 11. -11. . 3. -3. 
Tl-  b STEAD» 3.2 2.1 .7 -l.l 10. -10. - . 2. -3. 
Tl-   T STEAD» 3.1 l.S ,A -l.l 12. -8. . . 2. -A, 
Tl-   A STEAD» 3.b 2.A .A -1.1 11. -11. - . 1. -A. 
Tl-   u STEAD» 3."» 2.A .A -1.3 10. -11. . . 2. -A. 
Ti-in STEAD» A.O I.I -.2 -2.2 lb. -IT. . A. -5. 
Tl-ll STEAD» A.3 2.1 .3 -3.3 2b. •22. . 2. -6. 
Tl-U STEAD» ••.» 2.0 -.b -2.8 20. -20. . . A. •7. 
TJ-   J STEAD» A.2 2.0 .9 •l.S 11. -15. - - S. -5. 
T?-   « STEAD» «.A 2.0 .3 ■2.7 2«. •2». - . 7. -6. 
T?-  S STEAD» A.» 2.0 .2 •2.4 2A. •23. . . 10. '   ' T?-  b STEW» A.T 1.8 l.T -S.5 26. -25. - - 12. •7. 
T?-   T STEAD» A.3 l.T .1 •2.6 2T. -22. . - 25. •12. 
T?-   H STEADY 3.« l.A l.S ■3.0 2A. -28. - . 30. -12. 
T?-  <» STEAD» 3."» 2.0 2.0 ■1.1 18. •19. 

' 
21. -7. 
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APPfltDLX III 

:.bLJ£.  Jf hLALL BBggggg HARHONICS 

7A*U XX. bLAUt LAC NOTION HARMONICS - RUN  50 
{hum. cam» or GRAVITY AT . 25 CHORD) 

"v BlAOr LAG MOTION HARMONICS >     (DEC)     1 
^t. d^S 

'"• 
•II THtC 

IPP»} •»u (OCv) •1 A2 A3 AH A5 

»0- s 700 *73l 2.0 .2 .0 .2 .0              1 
»0- h •3a • tea 2.0 .1 .0 .0 •o 
»0-  T %oo 1.020 2.0 .2 .0 -.1 •o 
M-  • •02 4.062 2.n .0 .0 .0 .1 
»0« « • 57 I.IIO 2.0 .U .0 -.1 .0 
»0-10 »>• I.10U 2.0 .2 .1 .0 •0 

»0-11 • 10 1.2«0 2.0 .0 .0 .0 •o 
»0-1» 3«» 1.327 2.0 .0 • 0 -.1 • 0 

Kv*^ OLACL LAC MOTION HARMONICS     (0E6) 
Kl. OMS 
»a. •• WC 

'*".. "V IOCU 61 J2 63 Bk B»                 { 

1    »0- » 701 .731 2.0 .0 .1 •o          1 
»0-  ft • 32 ./.uo i,0 .0 -.2 • 0 
»0-   T %00 1.020 2.0 -.1 •,l •& 
50-  * ••2 1.0^ 2.0 -. 3 • 0 
*»- o • »7 1.110 2.0 -. 3 -,l "•1 
»0-10 •M 1.100 2.J •o 
»0-11 • 13 i^tr. <••> ••• -,l -.1 
*>»• 30» 1.327 2.0 -.0 .0 .0 
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1         TABLE XXV.     BLADE LAG MOTION HARMONICS - RUN 5i    n 
(BLADE CENTER OF GRAVITY AT .25 CHORD) 

1     RUN- ULADE LAG MOTION HARMONICS     (DEG)     1 
PT.     CMS 
NO.     »R THEC 

(FPS) Ml) (DEG) Al            A2 A3 A<4 A5               j 

1    51-  3  700 .2Qt 9.0 -.2 .0 .0 .1 .1              J 
51-  4  700 .291 10.Ü -.3 .0 .0 .1 • 0 
51-  5  700 .201» 11.0 -.i» .0 .0 .1 • 0 
51- 6 700 .2o«» 12.0 -.'• IU .0 .n .0 
51-  7 675 .SO1» 8.0 -.? .0 • a • o 
51- 6 675 .SO"» 9.0 -.2 .0 .<» -.1         1 
51-  9 675 .SO1» 10.0 -.3 .0 .i» • 1 
51-.0 675 .So1» 11.0 -.3 .0 .<» • 0 
51-11   67«^ .SO1» 12.0 -.3 .u «<t • 0 
51-12 500 1.026 •♦.0 .0 .u -.1 .1 
51-13  500 1.02b 6.0 -.1 .0 -.1 .1 
51-11»  500 1.026 8.0 -.1 .1 -.2 • 0             } 
51-15 500 1.026 9.0 -.2 .2 -.3 .0              | 
51-16  500 1.026 10.0 -.2 .2 2 -.2 ♦1 

RUN- r.LADf  LAG MOT J UN HaRMONICS     (DEG) 
PT.     CMS 

1       NO,     •« THEC 
j                 (FPS) M"J (PEO) "1            Q? H3 Bt B5                j 

51-  3 700 .2<*H 9.0 .3 ? .1 .2 f 1                            | 
j    51-  "♦  700 .201* 10.0 .3 2 1 2 • 1                            I 

51-   5   700 .20'» ll.o ." 's ? 2 « 1                             1 
51- 6  700 .201 12.0 .5 z p 3 ft                            | 
51-  7  675 .50«» 8.0 .1 .1 1 «1                            1 
51- 8 675 .■JO<» 9.0 .2 2 0 • 0              | 
51-  9 675 .SO"» 1P.0 .2 ,?. - .1 * i                  1 
51-U-  675 .but 11.0 .3 2 - 1 * ^      i 
51-11   675 .50'» 12.0 ." 2 - 1 • i      i 
51-U  500 1.026 u.r, -.3 .1 - .1 .0 
51-13 500 1.02b b.C -.3 -» u - 1 •c 

|    51-1'4  500 I.02b 8.0 -.J 1 -, p - 1 -.2             1 
51-15  5oo l.ojü 0.0 -. J ;• -, it -.2 
51-lh  50" 1.020 10.o -.«• 0 ^ ^ 1 -.2 
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TABLE XXVIII. BLADE FLAP MOTION HARMONICS -RUN 51 
(BLADE CENTER OF GRAVITY AT .25 CHORD) 

RUN- OLAD£ FLAP MOTION HARMONICS CDEGt 
PT. OMS 
NO. • *R THEC 

lF?Sj t-11,1 CiZ'GI a& 62 !~ A If A5 --
51- 3 700 .29" 9.0 -.2 -.2 .3 .o tl 
51- .. 700 .294 10.0 -.1 -.2 .3 .o .2 ' 51- 5 700 .294 u.o .2 -.3 .3 .o t2 .o 
51- 6 700 .29'1 12.0 .2 -.3 .3 .o .1 .o 
51- 1 675 .50if e.o -.1 -.It .1 .o -.1 -.1 
51- 8 675 .5ott 9.0 -.1 -... .1 .o .o .o 
51- 9 675 .5011 10.0 -.1 -.If .o .o tl .o 
51•10 675 .5olt u.o - . 1 -.5 .o ol ol .o 
51•11 675 .5o It 12.0 -.2 -.e, .1 o1 .2 .o 
51•12 500 1.026 ... o -.3 -.3 .1 ol .1 -.1 
51•13 500 lo(l26 6.0 -.2 .... .o .2 ol -.2 
!51-lit 500 1.n26 8.o .1 -.5 .o .2 .2 -.1 
51-15 500 1o026 9.0 -.2 -.6 .1 .2 t2 -.2 
51-1b soo 1.026 10.0 .o -.1 .1 .2 .3 - .2 

RliN- nLt.OE FLAP MOTIO~I HARMONICS CDEGt 
PT. OMS 
NO. •R THEC 

CFPSt MU COEGt Bl D2 83 Blf es 86 

51- 3 700 .2911 9.0 .1 .o .o ·1 .1 .o 
51- .. 100 .29ft 10.0 .I -.1 .o o1 .1 .1 
51- 5 700 .291t u.o .2 -.1 • .o ol .o .1 
51- 6 700 .2911 12.0 .I -.1 .o o1 .o .1 
51- 7 675 .504 e.o .o -.1 -.6 .o .o .o 
51- 8 675 .5oll 9.0 .I -.1 -.6 ol .o .1 
51- 9 675 .5olf 10.0 .o -.1 -.6 o1 .o .1 
51-10 675 .5oll 11.0 .1 -.1 -.1 o1 .o .1 
51-U 675 .5oll 12.0 .o -.1 -.1 ol .o .1 
51-12 500 1.026 ... o -.1 .o -.8 -.1 .o .o 
51•13 500 1.026 6.0 -.1 .1 -.8 -.1 .o . 1 
51-1'+ soo 1.026 a.o -.1 .2 -.9 -.1 .o .2 
51•15 soo 1o02b 9.0 -.1 .c -1.0 .o .1 .o 
51-1b 50(' 1.026 10.0 -.1 .1 -.9 .o .2 • l 
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1        TABLE XXX. BLADE LAG MOTION HABMONICS  - RUNS TTZr 
AT .25 CHORD 

1      RUN- '"",~ ̂ ^^ BLM3C  UA6 MOTION HARMONICS     (OEfil ^^n 
1         P7, OMS 

NO. •u THCC 1 Ft»SI MU (OECI        * A2 »3 *« M «6 »T *•     1 
1       **"   3 700 .390 2.U 0 .0 .0 .0 .0 .b    I 
i     bt-  0 700 .««a 2.0 0 .0 .0 .0 .0 .0     1 

•»"*  S 700 .50H 2.0 1 .0 .0 .0 .0 .0      1 
1     of  b TOO .Sob 2.U 0 .0 .0 .0 .0 .0     1 

t—  1 700 .623 2.0 0 0 .0 .0 .0 .0 

*•• • TOO U4U 2.0 .0 .0 .0 .0 .0 .0    1 
bb-  3 700 .6B2 2.0 0 0 .0 .0 .0 .0     1 

1      6&-  » 700 .714» 2.0 0 .1 .0 .0 .0 •o    1 
1     6b-  b 700 .601 2.0 0 .1 .0 .0 .0 .0     1 

6b-  6 700 .861 2.0 .0 .1 .0 .0 .0 • 0     1 
67-  3 700 .801 2.0 0 1 .0 .0 .0 .0     1 
67-  » 67b .812 2.0 0 .1 .1 .0 .0 .0     1 
67-  5 65J .862 2.0 1 3 .0 .0 .0 .0      I 
67-  6 ««• I. OHO 2.0 0 .0 .0 .0 .0 .0      | 

1      *7-  T »9« 1.126 2.0 0 .0 .1 .0 .0 .0      I 
67- a «76 1.181 2.0 0 .0 .1 .0 .0 .0      I 
67-  9 «bz 1.2H3 2.0 0 .0 .0 .0 .0 .0      j 
67-10 •i« 1.31» 2.0 .0 .0 .0 .0 .0 .1    1 
"7-11 HO» 1.388 2.0 1 - 1 -.1 -.1 .0 .0     1 
67-12 sao I.ITH 2.0 1 .3 -.1 -.1 -a .0     1 

1      *u.>- SLACt .«0 MOTION •URMONICS     lOEOl 
•'^. ows 
'•"• •ft IrttX 

I rp«.i MJ b2 83 B6 B5 86 BT 88        1 

6»-   J 700 .390 2.0 0 .0 .0 .0 •0  1 
6«-  * TOO .•«a 2.0 0 .0 .0 •o    1 
6«-  b TOO .bO» 2.0 .0 .0 .0 
6«-  6 TOO .565 2.0           . .0 .0 .0      1 
6»-   7 TOO .623 2.0 .0 .0 •o    1 
6fc-   • TOO .662 2.0 .0 .0 •0     1 

1      6b-   3 TOO .682 2.0 .0 .0 .0     1 
6b- H TOO .T«l 2.U .0 .0 • o 
ob- b TOO .801 2.0 .0 .0 • o    1 
ob- 6 TOO .861 2.0 .0 .0 .0     I 
o7-  3 TOO .801 2.0 .0 .0 .0      1 
67-   It »7« .8U £.0 .0 .0 .0 
67-   5 *!>2 .862 2.0 -." .0 .0     1 

1      67*   6 «<*« 1.010 2.0 .0 .0 •o   1 
67-   7 .00 1.126 2 .*'          - . 1 .0 .0     1 
«7-   t • 7«, 1.181 2.u . 1 - .0 .0 

'       67-   9 »H 1.20 2.1 • 1 - •»1 .0 •o   1 
|     o^'-JO »Zu 1.3U 2.0 . 1 - -.1 .0 .0 

o7-ll «Ok 1.38« 2.1' .0 - -.0 -.1 •0   1 »T-li 3*0 l.»T« 2.0 .0 — .1 .1 •1   1 
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NUM- •LUC  FLAP NOTION HARNONICS toco 
py.   MS 
NO.     •» THt c 

irm MU (M II       *1           «2 «3 0« OS M AT 

»•-  J TOO .300 • • 1               •• .5 .0 .0 
»»- *  TOO .♦•0 2 * 1           mm .3 .0 ,   * 
M- 5 TOO .so« j. \            -• .* .0 
♦«- * TOO .MS CO 1           •• .« .0 
*•-  T TOO .6« 2* f                    0 .5 .0 
♦•- 0 TOO .*u 2o )          "o .5 -,l .0 
OS«  S TOO .OM 2o \          , .• .0 
65- * TOO .m 2o 1       •, ,* .0 
OS* S TOO .001 f          •"• .5 • , 1 .0 
OS* « TOO .Ml j. 9      -. .5 .0 
67-  i TOO .Ml 2, )       —. .5 -.1 .0 
OT- « »TO • OSJ 2« 1 .5 -tl .0 
*T- S Ml .Hi 2o 1       -.f .< .0 
OT- 0 •«• l.MO 2o 1                    • .5 -.1 
»»• T «00 1.1*0 2* |                    , .0 -.1 
OT- 0 «n 1.101 2o )              -.* .5 -.2 
OT- 0 «SI I.to 2« 1 .T .0 
OT-10 »M 1.311 «# ) 1.0 .1 
6T-I1  »0« 1.300 2t |               », .0 .1 
OT-il  MO l.OTO 2« '                    • 1.2 .2 

HUN- OLAOC  FLAP NOTION NONMONfcS   IOCS) 
l»T.     QMS 
NO.     •» TMK 

irpii NU ton i)     o •<           S3 ■« ss M • T 

6»- 9 TOO .300 2t1 t    -.1 -.1         -.1 .0 
6*- 6 TOO .♦•0 2«1 -.1 -.1 .0 
0«- 5 TOO .so« 2a< i     -.1 -.1 .0 
0«- 0 TOO .MB 2o< i     -.1 -.1 .0 
6»-  T TOO .613 i     -.< -.2 .0 
6«- 0 TOO .Mt 2«i i     -.1 -.1 .0 
0»*  3 TOO .602 2*1 i     -.( -.2 .0 
OS- • TOO .T«l 201 i    -.i -.2 .0 
OS- S TOO .001 2a1 i     -.i *.t .0 
OS- 6  TOO .Ml 2*1 t     -.i -.2 .0 
OT-  } TOO .001 2*1 i    -.; -.2 .0 
OT- « OT* .OM |«l i    -.i -.1 .0 
OT- S 652 .062 2,i )    -.i -.2 .0 
OT- 0 «00 1.0*0 2.1 i      .< -.1 -.1 
OT- T ««0 1.1M 2 * i      .( -.1 -.1 
OT- 0 »TO 1.101 i    -.< -.1 .1 
OT- 0 .5» 1.2*3 '•' i -.2 .2 
OT-10 «10 1.312 2*' i .2 
OT-ll  »0« I.SM 20' i    -.i .1 
6T-1I  MO l.*T* )      .( .«      • U2 .1 -.1 
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TABLE XXXIV . BLADE • 35R TORSIONAL MOMENT HARMONICS - RUN blt 
(BLADE CENTER OF GRAVITY AT .25 CHORD) 

RUN- BLADt: .3!5R TOftSIONAL MOMENT liARMONICS C IN,-LOI 
PT. OMS 
NO, •R Tt1EC 

CFPSI MU CDEII A1 A2 A3 A It AS A6 A1 

·-- 3 '700 
,34)0 2.0 •• -... ,'7 o1 .1 .o o1 

... ;. .. '700 ..... a 2.0 .a -·· .1 ... .o .o .o 

.... 5 '700 .so .. 2.0 .a -·· .a .s -.1 .2 .o 

.... • '700 • s.s 2.0 .~ -1.0 •• ,7 .2 . .. .1 

.... '7 '700 o623 2.0 • a -1 ... •• 1.0 ·' ... .o 

.... 8 '700 .681 2.0 1.1 •1ol ,1 '·' 1,0 .s -.1 

RUN- BLADE .l!SR TORSIONAL ~NT HARMONICS C 1No-L81 
PT. OMS 
NO. eR THEC 

c,PSI MU I DEll 81 82 83 lit 15 16 17 

.... 3 '700 .390 2.0 •• .o -.2 ... -.1 -.1 .o 

...... 700 ..... a 2.0 •• .o -.5 .2 -.1 ·' .o 

.... s '700 .sott 2.0 1.2 o1 .... ,'5 .o .2 .o 

.... 6 '700 .565 2.0 1 .. 2 .3 .... ,7 ·' o1 .o 
··- '7 700 

.. ., 2.0 1.1 .o -.3 1ol ,3 .o .o 
61t:- a '700 .682 2.0 .a ... -.2 1.7 •• .o .o 

RUN- BLADE .l!SR TOftSIONAL MOMENT IIARMONICS C IN,-LBI 
PT. OMS 
NO. ... THEC 

"~' MU CD£81 RS R1 R2 R3 Rlt RS R6 R'7 .... 3 '70(; .390 2.0 -1.'5 1.1 ... ,1 ,5 .1 .1 o1 
M• .. '700 ...... z.o -1.'7 1.3 •• .a .s .1 .1 .o 
M• s '700 ,SOft 2.0 -1.a 1.5 •• •• ,7 .1 .3 .o 
.... 6 700 .565 z.o -1.8 loS 1.0 ,7 1,0 .z ... ol 
.... 1 700 .623 z.o -1.9 1.3 1 ... ,7 1.6 .1 . .. .o 
.... .• 700 .682 2.0 -z.o 1 ... 1.1 ,1 2.3 1.3 .s ol 
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[TABLE XXXV. BLADE LAG MOTION HAMONICS - RUN 76—1 
__ (BLADE CENTER OF GRAVITY AT   . 25 CHORD 1 

i     ,'UN" DLADF .AC -0T1ON MAP»CUIC4 OCC)   I 
1          fT. OMS 

1          N0" •'? TICC 
IFPS» •in lor«) 1             A 1 A3 M A5              I 

|       «»B-   i 700 .SO* 8.1 2 .0 .1 .0 .0            1 
1       *""  '♦ 700 .£»<» •».3 .3 .u .0           1 
1      6«- 5 70? .Z*1* ic.n ,« >ti .0          1 
1       6R-  b 700 .Zai, 11.0 .b .0 .0         i 
1       6fl-  7 7pr .2<»<* 12.0 .'j .J «0           1 
1       *•-  8 700 .351 8.0 jg .t • o        ] 
1       6A- 4 7mi .351 <I.P .■^ ,u .1        1 
1       «0-10 70U .351 10.t ,« .0 .0 
1       6,,"ll 701 .351 11.3 •J • 0 • 0           | 
1       6A-12 700 .351 12.0 ,b .0 •0       1 
1       66-IS 70° .no 8.0 • u .0          1 
E    60-m 700 .no 9.J .3 .0 .0            1 
1       68-15 700 .no 10.0 ,3 • u • 4. •o         1 
1       66-16 70 0 .no 11.0 .<t .0 .2 .0           1 
i       *"->7 70'> .««o 8,1 .2 ,0 .2 .o        1 
i       66-16 700 .■•60 1.0 .3 .1 .2 .0            f 
1       66-1') 700 .••80 10. r. .3 »g .3 .0           1 
1       66-20 700 .•»Bu 11,3 ,<• (U .3 • o        1 

1      RDN- LLACE   LAG r-OTIOU MARKOI'ICb IÜFGI    | 
1        PT, OMS 
1         NO. *R TltC 
1 FPS) '■'i| (DEC-)        (t U. b3 Bit P5              1 

I      66- 3 70" .200 8.0 1 u .V .2 .0            1 
1      66-  " 700 .tin 9.0 2 u •u •o      ! 
1      68"  "• 700 .a-ji» 10.0 2 u .0 .0          1 
1      66- b 700 .231» ll.o 3 (1 .1 .0            1 
1       66-  7 7nM .2ot 12.0 4 1 .1 • o        1 
1       66-  * 70" .351 8.0 1 c .0 •0        1 
1       »•" 0 

700 .351 «».0 (- J . i' .0           1 
1      68-10 700 .3'1 10.0 3 0 .ti .0          1 
1       66-U 70" .551 n.r, 1 I .i .0            1 
i       66-12 700 .351 12.0 "» 1 .1 •o       ! 
1       66-1S 70 0 .'tlO 8.0 1             i 0 .i- •0        1 
1    6e-i>t 700 .no «».n ; 1 .0 •0       1 
1       66-15 7(0 .no 10.0 2 1 .0 .0           1 
i       66-lb 700 .no 11.0 3 u .0 .0           1 
1       66-17 700 • IKO 6.0 1 1 -.1 • o          1 
|    %6-:b ?ou .<«Sü 9.0 2 1 .0 .0             I 
1      b6-lP 700 .i«8b ICO 2 1 .0 .0           1 
1      66-20 700 .'40b 11.0 3 1 .0 .0 .0            | 
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1    TABLE XXXVI. BLADE   .30R FLAPWISE BENDING MOMENT  HARM3NICS          1 

1    IIUK- 

-  RUIJ  63 (BLADE CENTER OF GRAVITY AT .25 CHORD)   \ 

BLADE .JOR  FU*P*ISE BENCING HOMtMT HARMONICS   (IN .-LBI          j 
1     PT. QMS 
1      NO. •R THCC 

(FPII MU (OCG) M A2 A3 A« A5 Ao *7 A8          I 

1   6*-  3 700 .2«><» 8.0 .5 -.* -3.3 -.2 -1.6 .6 -.2 -1.0       | 
1   6«-   <t TOO .2<»* 9.0 .« -.6 -3.3 -.2 -1.7 .9 -.2 -l.l        1 
1   68-  5 700 .2«)<» 10.0 .« -.6 -3.2 -.3 -3.8 1.3 -.2 -.9        J 
1   6«-  fa 700 .291» 11.0 .« -.6 -3.1 -.3 -«.9 1.3 -.1 -.5 
1   M-  7 7U0 .291» 12.0 .4 -.6 -2.8 -.1 -«.1 .8 -.1 -.2      j 
1   fao-  a 700 .351 8.0 1.2 -.2 -3.9 .5 1.3 1.3 .3 .1       1 
1   6«-  9 700 .351 9.0 1.2 -.« -«.0 .2 1.6 1.7 .2 •1      1 
1   68-10 700 .351 10.0 1.2 -.« -3.8 .1 1.0 2.1 .0 -.3      1 
1   68-11 700 .351 11.0 1.2 -.« -«.I .1 -1.0 2.« .0 -.1      1 
1   68-12 700 .351 12.U 1.3 -.3 -«.I .0 -1.0 1.9 -.1 .0       i 
1   68-13 700 .010 8.0 1.7 -1.3 -5.5 -.1 .1 -.2 -.5 -1.1       1 
1   68-14 700 .110 9.0 l.b -1.6 -5.8 -.2 -.6 .3 -.5 -1.5       1 
1   68-15 700 .«10 10.0 1.6 -1.7 -5.6 -.2 -2.5 .5 -.7 -2.0       1 
1   66-16 700 .«10 11.0 1.6 -1.6 -5.3 -.3 -3.2 .2 -.8 "2.2       1 
1   66-17 700 .«86 8.0 2.7 -1.9 -5.1 -.3 -1.9 1.« .« -.9       1 
1   »«-18 700 .«86 9.0 2.9 -2.0 -5.5 -.5 -3.1 2.1 .6 -1,0       1 
1   68-19 700 .«86 10.0 2.9 -2.2 -5.5 -.5 -«.I 2.8 .6 -1.2      J 
1   68-20 700 .«86 11.0 3.0 -2.3 -5.6 -.6 -«.I 2.8 .3 -1.5       1 

1   HUU- rtLAOE .30R  FLAPWISE BENDING MOMENT HARMONICS   (IN .-LB)          1 
i      PT« QMS 
|      NO. •R TrtEC 

FPS) MU (OEiSI ei B2 B3 B« B5 B6 B7 ea      | 

1   6«-  3 700 .29« 8.0 -2.0 .6 -1.2 -3.3 -.9 -.5 .0      I 
1   68-  <t 700 .29« 9.0 -2.0 .5 -1.8 -«.a -.5 -.« -.1     1 
1   68- S 700 .29« 10.0 -2.0 .1 -1.6 -6.2 -.3 -.2 •o     i 
1   68-  6 700 .29« 11.0 -1.9 .2 -1.5 -«.7 -.9 -.2 -.1    1 
1   68-  7 700 .29« 12.0 -1.9 .0 -1.7 -1.9 -1.1 -.1 •l    i 
1   68- a 700 .351 8.0 -1.« 3.0 -.3 -3.2 -.6       | 
1   66- 9 700 .351 9.0 -1.5 -.6 -6.6 1.2 -.5      1 
1   66-10 700 .351 10.0 -1.6 -I,I -8.3 1.« "•l      1 

66-11 700 .351 11.0 -1.5 1.1 -1.2 -8.0 1.3 .3      i 
1   68-12 700 .351 12.0 -1.« 1.2 -1.3 -a.i 1.3 •5      1 
1   66-13 700 .«10 8.0 -1.3 -I.I -i.i •6      1 
1   66-1« 700 .«10 9.0 -1.« -1.3 -2.7 •*      1 

66-15 700 .«10 10.0 -1.« -1.5 -3.3 -.5 •l      1 
1   66-16 700 .«10 11.0 -1.« lio -1,9 -3.5 -1.1 -.2 "•l      1 

66-17 700 .«66 8.0 -1.« -.5 .6 •3      1 
66-16 700 .«66 9.0 -1.6 -.6 -.6 .3      i 
66-19 700 .«66 10.0 -1.7 fa'.S -1,1 -1.6 -.1 •2      i 
66-20 700 .«A6 11.0 -1.7 6.« -1.6 -2.8 i!o .2      1 

 1 
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TABLE  XXXVII.     BLADE   .bOR FLATWISE  BENDINJ MOMEIJT HARMONICS 
(BLADE  CENTER OF GRAVITJ  AT .:5 CHORD) 

RUN- faLAOE ,60R FUAPWISE BENDING MOMENT  HARMONICS   (IN .-LB) 
PT.     QMS 
NO.     »R THEC 

|                (FPS) MU (DEC) Al A2 A3 A4 A5 A6 A7 AB 

1   66-  3 700 .29H S.O .7 -2.8 -6.3 -.3 1.4 -.4 .4 1.2 
66-  4  700 .29H 9.0 .6 -3.0 -6.2 -.2 1.5 -.5 .4 1.3 
66-  S 700 .29H 10.0 .3 -3.4 -5.6 .2 2.9 .5 1.0 
66-  6 700 .2«>H 11.0 .5 -3.4 -5.9 .3 4.2 .4 .6 
66-  7 700 .294 12.0 .3 -3.9 -5.7 .1 3.2 .3 .1 
66-  6 700 .351 8.0 2.4 -1.9 -5.9 -1.2 -.6 -.2 .0 
66-  9 700 .351 9.0 2.5 -2.1 -5.6 -.9 -.5 -1.0 -.1 .1 
66-10 700 .351 10.0 2.3 -2.5 -5.3 -.7 .3 -1.1 -.1 .0 
66-11 700 .351 11.0 2.2 -3.0 -5.7 -.5 1.7 -1.2 .2 .3 
66-12 700 .351 12.0 2.1 -3.3 -6.0 -.5 1.7 .3 .2 

1   66-13 700 .410 8.0 1.7 -4.4 -7.9 -1.0 -.2 .4 1.2 
1  66-11« 700 .410 9.0 1.5 -5.1 -6.0 -.8 .3 .3 1.6 

66-15 700 .410 10.0 1.5 -5.6 -7.6 -.8 1.6 .5 2.0 
66-16 700 .410 11.0 1.9 -5.7 -6.4 -.6 1.9 .6 1.7 
66-17 700 .406 8.0 3.5 -4.1 -7.1 -.5 .7 -.3 .0 .7 
66-18 700 .486 9.0 3.8 -4.3 -7.4 -.5 1.5 -.6 -.3 .7 

1  66-19 700 .486 10.0 3.8 -4.8 -7.3 -.7 2.3 -.6 -.3 .9 
1  66-20 700 .486 11.0 3.9 -4.9 -6.6 -.7 2.2 -.1 1.0 

1   RUN- BLADE .60R FLAPNISC BENDING MOMENT  HARMONICS   (IN .-LBI 
i     PT,     QMS 
|     NO.     »R TMEC 

1               ,rPS, 
MU IDCGI 81 62 B3 B4 B9 B6 B7 08    | 

1 66- 3 700 .206 0.0 —2.4 -2.6 1.4 -.1 .3 .0 1 
1  66- « 700 .294 9.0 —2.5 -2.0 1.5 - .2 .0 
1 M- S TOO .206 10.0 —2.7 -3.0 1.1 -.» 
1 60- 6 TOO .294 11.0 -3.0 -3.3 1.3 - •l 

'  »•- 7 TOO .294 12.0 —3.6 •3.6 1.2 - .0 
1   66'  « 700 .391 0.0 —2.2 -2.3 4.3 •* 
1 M- « TOO .»1 9.0 -2.3 •2 «4 4.3 -.2 •' 
1  66-10 TOO .391 10.0 "€■6 -2<6 4.1 -.4 •* 
1 66-11 TOO .391 11.0 •«.0 -2.7 3.5 -.9 -.3 
1 60-11 TO« .391 12.0 —3*0 -2.9 3.5 -.9 -.6 1 
1 66-1S TOS .410 0.0 —2.0 2.«. - -.7 1 
1 66-1* Ti'O .410 9.0 —2.2 2.» • "•• 1 
1 66-li T06 .410 10.0 —2.4 3.0 *•* 1 
1 60-16 TOO .410 11.0 —2.9 • .T 2.3 -.9 1 
1  66-17 TOO .466 0.0 —2»4 9.« — ,7 -.9 *•* 1 
1 60-10 TOO .404 9.0 -2.6 -.3 6.9 -.9 "•• 1 
1 66-1» TOO .466 10.0 —2.9 -•1 T.S -.2 *•* 1 
1 60-M TOO .466 11.0 —3.0 — .6 7.1 I ill -.» -.3 | 
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i        TABLE XXXVIII BLADE  .18R TORSIONAL MOMENT tiARMONICS- RUN 68 

^^i^1- (BLADE CENTER OF GRAVITY AT .25 CHORD) 

1     RUN- ÖLADE   , ISR  TORSIONAL MOMENT HARMONICS   (IN. -LB)      1 
j       PT.      OHS 
1      NO.     »R THEC 
|                «FPS) HU (OEG) Al A2 A3 AH A5 A6 A7 AB      1 

1    66-  3 700 .294 a.o 1.3 .9 1.2 -.9 -2.6 -2.1 -.8 -.2    1 
1    6tt-  4  700 .29"» 9.0 1.1 1.1 -1.7 -3.8 -3.1» -1.3 -.2    1 

66-  5 700 .ZQH 10.0 .<» .9 -•».0 -6.8 -5.1 -2.0 **o6    \ 
66- 6 700 .29«» 11.0 .0 .9 -1.*» -5,* -8.5 -6.9 -2.3 •o7    j 

1    66-  7 700 .29«» 12.0 -.5 .9 -2.0 -5.5 -7.3 -•».7 -l.l 
1    66- 6 700 .351 6.0 1.0 1.0 1.1 -.9 -2.3 -1.» *o^      1 
1    66- 9 700 .351 9.0 .1 .6 -.3 -2.0 -3.6 -1.5 **• 3    1 

66-10 700 .351 10.0 -.5 .2 -2.3 -*.9 -6.3 -2.2 m»y  i 
66-11 700 .351 11.0 -.9 .3 -3,6 -7.1 -8.3 -3.1 -1.6    1 
66-12 700 .351 12.0 -1.1 .7 -•».8 -8.1 -8.1 -3.2 -i.o   1 
66-13 700 .«»10 6.0 .6 .1 2.5 1.1 .7 .2 

!    66-IH 700 .•»10 9.0 .2 .1 1.6 -.7 -.8 -.2 •2    1 
1    66-17 700 .«•«6 6.0 .2 -2.3 .7 -2.0 -2.6 -1.* -.7    1 
1    66-16 700 .«»66 9.0 .« -2.6 .« -•.5 -9.0 -2.5 -1.2 

I    M*- BLACC   . 10« TOOSIONAL MOt«NT  HAOMONICS   UN.M.O» 
»T,     0** 
NO.     •■ TKC 

mt MU I0C«I •1 02 03 6* M M 07 U 

I    66-   3 7*0 .i** 6.0 3.t 1.« -.6 -1.» -.0 
»•-   •   7«0 .**• «.0 «.% 1.0 •1.1 -2.3 -.0 
*•-  * U9 .I«« 10.0 6.0 a.s •1.1 -l.S -2.6 -l.l "•* 
M- * TM .<«• 11.0 7.» J.O M.I —.0 1.0 
••- » tM .t* lt.0 9.3 3.V -.6 3.6 *.« i!o 
M- • m .m 0.0 ».0 1.0 -.9 '1.0 -3.3 •0.1 -.0 
M- « Tf« .Ml 9.0 ».0 1.« -I.» • J.s •*.* -O.I -1.0 ••^        1 
66-I6 VM .Ml 10.0 6.f 3.0 -1.9 -*.o -7.6 -•.» -«.1 •l.l 

M-li 766 
.Ml 11.0 0.1 ».V -1.9 —1.0 •♦.» -3.0 -I.» •»•       | 
.Ml u.o 9.T 6.1 -l.l —s.% •».• •1.0 -1.» 

•••I* Hi 
.«It ••0 1.9 ».0 I.I -I.t -1.0 • ,9 • , J        1 
.•10 «.§ *•• >.» .0 -1.0 -1.0 •,% • • 1        \ 

M-IT f i.O 1*1 >.l 1.» -.1 *o| 

6*-|6 VM .•M 0.0 >.» M I.I m • 9 -.1 

v 
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1          TABLE XXXIX.     BLADE FLAP MOTION HARMONICS- RUN  68 ""] 
(BLADE CENTER OF GRAVITY AT 25 CH0RD)| 

j       RUN- ÜLAOE   FLAP MOTION HARMONICS   (Üt6>                       i 
PT. OMS 

1         NO. • R THCC 
FPS) MU (DEC) .M A? A3 A4 AS A6                 | 

1      6fl-  5 700 .29H 6.0 .0 -.2 .0 .0               ] 
6«-  H 700 .2<>t ".ti .1 -.2 .0 •0               1 

!      M-  5 700 .20M 10.0 .1 -.2 .0 .0              1 
1     *>«- 0 700 ^o"» 11.0 .1 -.3 .0 • o 
j     68- 7 700 .29H 12.0 .0 -.3 .0 .0                i 
1   68- a 70') .351 8.0 .2 -.3 .0 -t 1 .u            | 
1     60- 9 700 .351 9.0 .1 -.3 .0 -•1 .0          ! 

6(1-10 700 .351 10.0 .0 -.3 .0 -.i          I 
I     66-11 700 .351 11.c .0 -.3 • 0 "•*          1 

60-12 700 .351 12.0 .: -.3 . ) -.»          1 
1     60-13 700 .mo 8.C .i -.2 '.rJ .0 .0              1 

6«-l<« 700 .no o.o .? -.2 .5 .0 .0                | 
!     60-15 TOO .no 10.0 .i -.3 .5 .0 .0               1 

60-lb 700 .no u.n .0 -.3 .5 .0 •0        1 
1     60-17 700 .'•8b 0.0 .0 -.3 .5 • 0 •0          1 

60-10 700 .tOti 9.0 .1 -.* .5 «0 -.1         1 
1     60-19 700 .HHb 10.b .0 ■ •9 .5 .0 -•»         I 

60-70 701 .HMb 11.0 .0 .5 •0 -.1         1 

1      «,,H- 0L«OC   »"LäM MT ION HAMPONICS   <üCC 

n. CHS 
NO. •« n»t 

1 »PSi NU •Ot&l • 1 02 OS O» 05 0*             i 

1    *** 3 
TOO .2»«i 0.0 m       1 • u • 0 

6*- • »ni .»♦"• «.• .0 

•*-  ^ »09 .»♦» lH.i .1 
I     *•- 6 Tft» ..»« 11.3 • 1 

•#-   T TOO .^« U.U .1 

•*■  * hit . '*! • .0 ." 
6»- • >ec .m «.0 til 
6M|o ♦n .HI lO.t .1 

1     »*-.» ♦v» .Kl 11.0 ••• • t 
6»-W »•• .HI l..c • 1 **•! . •c? .•!• ••• *f  1 .« 

1       •*•»* *•« .•!• t.« * • V .w 
MM» »»• ■ •i It.« "• 1 .• 
•*M» »#• .•I» II.* -,  f • 1 
•♦•I» ••? .»•- 0.9 '• 1 .• 
•*•!« »•« •Mk 9.0 . 
•»•I* *•• • *Äfc 10.« * •  1 .» 
*»•.-. • • ••* II.« ■  t   • • 1 
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TABLE XL. BLADE LAG MOTION HARMONICS- RUNS 69-70 • 
(BLADE CENTER OF GRAVITY AT . 25 CHORD) 

Au~- BLADt: ~AG ~OTION HAr~t-IONIC!:I (Di;;GI 
PT. 0:.45 
N~. •A TtiEC 

CFPSI ~-~ · J IDE\> I Al A2 AJ A4 AS 

69- 3 700 .54& 9,0 -.3 .o o1 .2 oO 
69- 4 700 ,';46 lloO -.4 .o o1 .1 .o 
69- ~ ~00 .6111 10.0 -.2 ol o1 .3 .o 
69- 6 700 ,634 1..1o0 -.2 ol o1 .J .o 
69- 7 700 ,f,SC) 10.0 -.2 o1 o1 .3 .o 
70• 3 700 .&59 10o0 -.2 o1 .2 ... .o 
70• .. 700 .682 ... o o1 o1 o1 ol oO 
70• 5 700 .706 u.o -.3 ol .3 ... -.1 
70- b 100 .682 u.o -.3 .2 .3 .5 .o 
70• 7 700 .731 lloO -.3 o2 .3 .s oO 
7C• 8 700 .756 u.o -.3 o2 .3 .s -.t 
71)- 9 700 .784 1c.o ··2 o2 .3 ... o\,1 
70-10 700 .aoe 10,0 -.l .2 .J .s .o 

RUN- BLADE LAG ""0\'ION HARMONICS cDEGI 
Pi o OMS 
NO, •R THEC 

CFPSI MU lDEGI o1 B2 83 Bit 85 

69- 3 700 .546 9.0 o2 .o .o .o .o 
69• .. 700 ,54b u.o ... .o .o -.1 .o 
69• 5 700 .610 10.0 o1 .o -.2 -.1 .o 
69- 6 '700 .631t 10.0 ol oO .2 -.2 .o 
69• 7 700 .659 10,0 o1 oO -.2 -.2 o1 
70• 3 700 .65'1 10o0 o1 o1 .o .2 oO 
70- .. 700 ,682 ... o -.1 ol .o .1 .o 
70- 5 700 .706 u.o .o o2 -.1 .2 o1 
70• 6 700 ,682 u.o ol .2 -.1 .2 •& 
70• 7 700 • 731 u.o .o .2 . -.2 .2 o1 
70• 8 700 .756 u.o .o .2 -.2 .1 o1 
70• 9 700 ,781t 10.0 -.1 .2 -.2 .2 o1 
70-10 700 ,60"· 10.0 -.1 o2 -.2 .2 o1 
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TABLE XLIV. BLADE FLAP MOTI ON HARMONICS- RUNS 69 - 70 
(BLADE CENTER OF GRAVITY AT .25 CHORD) -

AUI~- BLADE FLAP MOTION HARMONICS lDEGl 
PT. OMS 
NO. •R TH(C 

IFPSl MU l!:>EGI A1 A2 A3 A'+ AS A6 

69- 3 700 .546 9.0 .o - .4 .1 .o .1 .o 
69- 4 700 .546 u.o -·1 -.s o1 .o .2 -.o 
69- 5 700 .610 10.!:1 o1 -.6 -.1 .o -.1 .3 
69- 6 700 .634 10.0 .o -.6 -.2 .o -.1 .o 
69- 7 700 .659 10.0 -·2 -.6 -.2 ol -.e .2 
70- 3 700 .659 10.0 .2 -.s .7 .o -.3 .o 
70- 4 700 .(>82 4.0 " 1 -.2 ob .o -·1 .o 
70- 5 700 .70& u.o .3 -.& .6 .1 -.4 .o 
10- 6 70u .682 u.o .1 -.6 .7 .1 ~.3 .(I 

10- 7 700 .731 u.o -.1 -.& .6 .1 -.4 .o 
70- 8 700 . 756 u.o -·2 -.& .s .2 -.4 .o 
70- 9 700 .784 10.0 ... -.s .7 .1 -.4 .o 
70-10 .7_00 .<108 10.0 -.3 -.6 .s .1 -... .o 

RIJi>j- BLADE FLAP MOTION HARMONICS (DEGl 
PT. OMS 
NO. •R THEC 

IFPS) r.~u IDEGI 81 B2 83 64 85 Bb 

69- 3 700 .5'+6 9.0 .o -.1 -.5 .o ·1 .o 
69- 4 700 .51+6 11.0 - .1 -.2 -.'+ .o o1 .o 
69- 5 700 .610 10.0 . o -.2 -.8 .1 .o .o 
69- b 700 .634 10.0 .o - .1 -. e. .1 o1 .o 
69- 7 700 .659 10.0 o1 -.1 -.9 .1 .2 .o 
70- 3 700 .659 10.0 o1 -.J -.I .1 o1 .o 
70- 4 100 .682 4.0 o1 -.2 -.3 .1 .o .o 
70- 5 700 .7()6 u.o o2 -.J -1.1 .1 .2 .o 
70- 6 700 .uA2 u.o .o -.3 -1.0 .1 o1 .o 
70- 7 700 .731 11. (j -·1 -.3 -1.2 .2 .2 o1 
70- 8 700 .756 u.o -·2 -.3 -1.3 .1 o2 .o 
70- 9 700 .78'+ 10.0 o1 -.2 -1ol .1 o1 .o 
70-10 700 .BOB 10.0 o1 - .2. -1.3 0 1 .z .o 
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TABLE XLV. BLADE LAG MOTION HARMONICS - RUN 71 
(BLADE CENTER OF GRAVITY AT .25 CHORD) --

.. RUN- BLADE LAG MOTION HARMONICS (DEG) 
PT, OMS 
NU, •R THEC 

CFPS) t-1U CDEG) A1 A2 A3 A .. AS 

• 71- 3 386 .795 .o ·2 ·1 .o .o .o 
71- .. 362 .8 .. 7 .o .2 .o .o .o .o 
71- 5 3 .. 0 .906 .o .2 .1 .o .o .o 
71- 6 316 ,97 .. .o .1 .1 .o .o .o 
71- 7 292 1.052 .o .o .1 .o .o .o 
71- & 268 1.1 .... .o .o .1 .o •. o .o 
71- 9 2 .. 6 1.25 .. .o -.1 ·1 .o .o .o 
71-lC' 222 1.388 .o -.2 .1 .o .o .o 
71-11 198 1.553 .o -... ·1 .o .o .o 
71-lC~ 18 .. 1.66 .. .o -.5 ·1 .1 .o .o 

RUN- BLADE LAG MOTION HARMONICS (DEG) 
PT. OMS 
NO. •R THEC 

CFPS) MU CDEG) 81 82 83 a .. 85 

71- 3 386 .795 .o -.1 .o .o .o .o 
71- . .. 362.._ - .8~7 .o -·1 .o .o .o .o 
71- ~ 3 .. 0 .906 .o -.1 .o .o .o .o 
71- 6 :516 ,97 .. .o -.3 .o .o .o .o 
71- 7 292 1.052 .o -... .o .o .o .o 
71- 8 268 1.1 .... .o -... .o .o .o .o 
71- 9 2 .. 6 1.25 .. .o -.5 .o .o .o .o 
71~10 222 . 1.388 .o -.6 .o .1 .o .o 
71-11 198 1.553 .o -.6 .1 .o .o .o 

. . . 

71-12 18 .. 1.66 .. .o -.6 .1 .o .o .o 
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!    TABLE LIX.  BLADE LAG MOTION HARMONICS - RUN 75-7C    1 
(BLADE CENTER OF GRAVITY AT .30 CHORD)     i 

RÜN- BLADE LAO MOTION HARMONICS  (DEO) 1 
PT.  QMS 
NO.  »R THEC 

(PPS) MU (0E6) Al A2 A3 A«    AS     ; 

75- 3 tOO .793 «.0 .2 .0 . 
75- <♦ 900 .876 «.0 .2 .0 - 
75- 5 100 .958 «.0 .0 »0 m 

75- 6 SOO I,OHO «.0 .0 .0 - 
75- 7 500 1.126 «.0 .0 .0 - 
75- 0 »75 1.161 ».0 .0 .0 
75- 9 »52 1.243 «.0 .0 .1 • 0   -.1 
75-10 §27 1.312 «.0 -.1 .1 »1   ".1 
75-11 «01 1.366 «.0 -.2 . 1 - 
76- 3 TOO .294 10.0 -.5 .0 
76- 4 TOO .29« 11.0 -.5 .0 
76- 5 TOO .29*» 12.0 -.« .1 
76- 6 700 .290 13.0 -.6 .1 

RUN- BLADE LA6 MOTION HARMONICS  (DE«) 
PT.  QMS 
NO.  »R THEC 

(FPS) MU (0E6) Bl B2 99 B«    85    | 

75- 3 100 .793 «.0 .0 .1 . 
75- « 500 .876 «.0 -.1 .1 
75- 5 900 .958 «.0 -.3 .1 - • 1   -.1 
75- 6 900 1. OHO «.0 -.3 .1 - 
75- 7 900 1.126 «.0 -.« .1 -, ,1   -,| 
75- 6 «75 1.181 «.0 -.5 .1 ,0   -.2 
75- 9 092 1.243 «.0 -.5 .1 -, * 1   —. 1 
79-10 1127 1.312 «.0 -.7 .1 m 

75-11 «0« 1.388 «.0 -.8 .1 -, 1   -.1 
76- 3 TOO .29« 10.0 .3 .1 
76- H TOO .29« 11.0 .« .1 
76- 5 TOO .29« 12.0 .6 .1 
76- 6 TOO .29« 13.0 .5 .1 
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1       TABLE LXI1.  BLADE FLAP MOTIOf 1 HARMONICS - RUNS 75-76    I 
(BLAJJE CENTER OF GRAVm ' AT . 30 CHORD) 

«UN- BtAOE FLAP MOTION HARMONICS (OEO 
PT. OHS 
NO.  •« THCC 

IFPSJ MU (0C6) Al A2 A3 A« A5 A6 

?»• 9 900 .793 «.0 .« .5 .0 
75- « SOO .676 «.0 .6 .0 
79- 9 900 .956 «.0 .6 .1 
79- 6 900 l.OUO «.0 .« -.1 .1 
79- 7 900 1.126 «.0 ■ .0 -.1 .3 
79- 6 079 1.181 «.0 .1 .1 
79- 9 092 1.20 «.0 • .2 -.3 
79-10 «27 1.312 «.0 .3 -.« 
79-11 «0« 1.368 «.0 .9 .0 
76- 3 700 .29« 10.0 - .2 -.1 -.1 .0 
76- 4 700 .29« 11.0 .2 -•1 .0 
76- 9 700 .29« 12.0 .2 -.1 .0 
76- 6 700 .29« 13.0 .2 -.2 .0 

RUN- BLADE FLAP MOTION HARMONICS (0E6) 
PT. QMS 
NO. «R THEC 

(PPS) MU (0E6) Bl B2 B3 B« B5 B6 

75- 3 900 .793 «.0 .0 -.2 -.7 .1 -.1 
75- « 900 .876 «.0 .0 -.1 -.7 .1 -.1 
75- 9 900 .958 «.0 .1 -.1 -.7 .1 -.1 
75- 6 800 1.0«0 «.0 .1 .1 -.8 .2 -.1 
75- 7 900 1.126 «.0 -.1 .2 -1.« .1 -.2 
75- S «»75 1.181 «.0 .0 .2 -1.1 .1 -.« 
75- 9 192 1.2«3 «.0 .0 .1 -1.1 .1 -.3 
75-10 »27 1.312 «.0 .1 .3 -.8 -.2 .2 
75-11 «04 1.368 «.0 .2 .3 -.9 -.2 .3 
76- 3 ?00 .29« 10.0 .0 -.« .2 .1 .0 
76- H  700 .29« 11.0 .2 -.5 .2 .2 .0 
76- 5 700 .29« 12.0 .1 -.5 .2 .1 .0 
76- 6 700 .29« 13.0 .2 -.6 .2 .1 .0 
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1        TABLE LXV.     BLADE LAG MOTION HARMONICS - RUNS 77-78     I 
(BLADE CENTER OF GRAVITY AT   .30 CHORD)         j 

1    RUN- BLAOC LA« MOTION HARMONICS    (OCO) 1 
|       PT,     QMS 

NO.    «R THCC 
IFPSI MU (BCO) Al           A8 A9 Aft At 

!    77- 3 700 .351 10.0 „ 
77- * 700 .351 u.o • 
77- 5 700 .*10 6.0 m 

77- 6 700 .«•ft •.0 m 

77- 7 700 .%•* 5.0 m 

77- 0 700 .54ft *.o 
77- 0 700 .5*» 5.0 m 

•»7-10 700 .610 5.0 • 
77-11 700 .♦3* 5.0 
77-18 tOO .♦2* 5.0 • • i | 
77-lS 500 .•5ft 5.0 • «B. | 

70- 3 700 .351 10,0 m. 

70- « 700 .951 11.0 mt »5        —«1 
70- 8 700 .351 18.0 m. 

71- ft 700 .mo 10.0 m. 

!    RÜH- BLAOC LA« MOTION HARMONICS     (OCO) 1 
RT,    CMS 
NO.    «R TMtC 

1                tWP%) MU (OCO) B) I           B8 59 ■ft BS             | 

1    77- 3 700 .351 10.0 I           .0 
77- * 700 .551 u.o •6 
77- 5 700 .«10 6.0 >         »1 
77- ft 700 .%•* *.0 mi >        «1 
77- 7 700 .*•♦ 9.0 m. •8 
77- 0 700 .54>ft «.0 m. .1 
77- f 700 .5«* 5.0 mt >          .8 
77-10 700 .610 5.0 m, .8 
77-U 700 .63« 5.0 mt >           .8 
77-U 500 .«at 5.0 », -.1 
77-13 500 .«5« 

10*0 
«1 •        ".1 —•1          I 

7t- S 700 .951 i           .0 
?t- « 700 .351 U.O -.1 

1    7ft- 5 700 .351 18.0 I        -.1 
7«- ft 700 .no 10,0 ^ .1 
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1                 TABLE LXVIII.   BLADE FLAP MOTION HARMONICS - RUNS 77-78     1 
(BLADE CENTER OF GRAVITY AT .30 CHORD)           f 

KUN- BLAOC FLAP NOTION HMN0NIC9  IDCO) 
PT,    QMS 
NO.    *R TMK 

(FPS) NU (9C9I Al           A2 A9 A« A9 A* 

rr- 9 TOO .391 10.0 .1         -.3 .« "•1 ::l n- % TOO .991 11.0 9        —.— .« ••1 
TT- 5 TOO .«10 9.0 1        -.9 .« .0 • i 
17- * TOO .Mft «.9 1        -.1 .9 "•.1 • i 
TT- T TOO .MO 9.0 1        —# 9 .9 "•1 • i 
Tt- 0 TOO .90* ••0 0        -*1 .0 *.l .9 
TT- 0 TOO .900 9.0 9        —.9 .0 ••* •9 
TVlO TOO ••10 9.9 9       -.1 .ft ••1 -.1 
TT-ll TOO .99* 9.0 9        -.1 .ft "•1 ••f 
TT-lf MO •999 9.9 m. 0        -*« .9 .9 .0 -.1 
TT-13 MO .090 9.0 m. 9       —•« .3 .9 •9 
T»- 3 TOO .991 19.9 1        —.9 .« "..1 ••1 
TO- • TOO .991 11.0 9        —.9 .« m9M -.1 
TO- S TOO .991 11.0 9        -.9 .« .0 -.1 
TO- * TOO .•19 10.0 .ft -.1 • 1 

RUN» 04.A0C FLAP NOTION HARMONICS  10991 
Wt,    OMS 
NO,     CN THte 

IFPS» MU (9C9I 91           02 99 9« 99 M 

TT- 5 TOO .991 10.0 .1 -.1 .0 
TT- « TOO .991 11.0 -•1 .0 
TT- S TOO .«10 9.0 .0 
TT- ft TOO .«99 «.0 -•1 .0 
TT- T TOO .«99 9.0 -.1 -.1 .0 
TT- 0 TOO .909 «.0 -.1 .0 
TT- 0 TOO .909 9.0 —.1 -.9 .0 
TT-IO TOO .610 9.0 -.1 -.9 .0 
TT-ll TOO .99« 9.0 —.1 —.9 .0 
TT-lt MO .999 9,0 • -1.1 .1 
TT-13 MO .999 9.0 •, -l.t -.1 
TO- 3 TOO .991 10.0 -.1 .0 
TO- • TOO .991 11.0 .0 
TO- S TOO .991 12.0 .0 
Ti- ft TOO .«10 10.0 —. 1 .0 
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TABLE LXX. BLADE LAG MOTION HARMONICS - RUN 79 
(BLADE CENTER OF GRAVITY AT • 30 CHORD) 

RUN- BLADE LAG MOTION HARMONICS cDEG) 
PT. OMS 
NO. •R THEC 

CFPS) MU CDEG) A1 A2 A3 AI+ AS 

79- 3 500 .657 13.0 -.5 ·1 .3 -.2 .o 
79- '+ 500 .766 12.0 -... ·1 .2 -.2 .2 
79- 5 ~00 .857 12.0 -... e1 .1 -.3 ·1 
79- 6 500 .890 12.0 -... .1 .2 -.~ ·1 
79- 7 500 .926 12.0 -... e1 .2 -.3 ·1 
79- 8 500 .958" 12.0 -... ·1 .2 -·3 ·2 
79- 9 500 .991 12.0 -... e1 .2 -.3 .1 
79•10 500 1.026 11.0 -.3 .2 .1 -.3 ·2 
79-U 500 1.062 8.o -.2 ·1 .2 -.1 ·2 

RUN- BLADE LAG MOTION HARMONICS (0[6) 
PT. OMS 
NO. •R THEC 

CFPS) MU CDEG) B1 B2 83 B4 BS 

79- 3 500 .657 13.0 ·2 .2 .o -.1 .o 
79- 4 500 .766 12.0 .o .2 -.2 -.2 -.1 
79- 5 500 .857 12.0 -·1 .2 -.3 -.1 -.3 
79- 6 500 .890 12.0 -.2 .2 -.3 -.1 -.3 
79- 7 500 .926 12.0 -.3 ·2 -.4 -.1 -. .:.. 
79- 8 500 .958 12.0 -.3 .3 -.4 -.1 -.3 
79- 9 500 .991 12.0 -... .3 -.4 -.1 -.4 
79-10 500 1.026 11.0 -.s .2 -.'+ -.1 -... 
79-11 500 1.062 8.o -.5 .2 -.2 -.1 -.3 
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TABLE LXXXVI . BLADE LAG MOTION HARMONICS - RUNS 63-64 
CBLADE CEIITEJI OF GRAVITY AT • 35 CHORD) .... l!l.AO£ .. t:AG 110T10N HARJIONICS C0£'Gl 

"· OMS 
NO, • TH[( 

CFPSI NU IOIGI ~1 A2 A3 A .. A5 

.,.. ~ 700 .~33 lt,O -.1 .o .o .o ,o 
a- • no .3ttf -~0 ~0 .o .o .o .o 
.,.. 5 700 .11150 lt,O .o .o .o .o .o 
.... ~ 500 .612 111,0 .1 ,o .o .o .o 
.... Ill 500 ,70il 111,0 .a .o ,0 .o .o 
.... 5 500 ·""' 111.0 .2 .o .o .o ,o 
..... ~00 ,176 ... o - .2 - .o .o .o ,o ill- -.,... .. ,.. . • .-~·--.u- .a· .o .o .o ~.-r 
1111- a .. ,, .176 it,O .a .o .o .o ,1 
... ;. 'llltl .ft. ~.o .o .o .1 -.1 .o 
·~··0 Jei 

1.~31 lt,O .o o1 .o .o -.1 
1'-U .~? a;i~7· lt,O .o ;1 .o .o .o 
~12 ,~ '1.115 111.0 .o .1 .1 .o .o 
llll•il ',l!i) l~'lf!S lt.O .;.,1 .a .o .o ,'o 
.... , .. ie7 l olaO ... o -.2 •• .o .o .o ..... , -~ 1.so• lt,O -.3 .1 .o .o ,o 
llll·t• n• 1 .65~ ... o -.6 .1 .o .o .o 

....... BLADE LAG NOTION HARMONICS IDEGI 
F.T, OM!I 
NO, eR THEC 

CFPSI NV IDt:Gl D1 82 83 a .. 85 

,,.. 3 700 .333 111,(1 -.1 .o ,o .o .o 
.,.. It 701) ,3«10 lt,O -.1 .o ,o .o ,o I,_ 5 7110 ,lt50 lt,O -.1 .o .o .o ,o 
..... 3 500 .63! 1!1.0 .1 .1 ,1 .o .o 
.... It 500 ,100 lt,O .1 ,, .1 ,o .o 
.... 5 500 ,793 lt,O ,o •• ,1 .o .o 
.... 6 500 .176 lt,O -.1 .1 ,1 ,o .o 
.... 7 1t75 . 132 lt,O .o .1 .1 .o .1 
1111• I 451 ,816 lt,O -.1 .1 .1 .o .1 
.... 9 1121 ·"211 11.0 -.;s .1 .o .o -,1 
l1t•10 381 1. 031 lt,O -.3 .1 -.1 .o ,0 
l1t•11 3!57 1.107 ... o -.:s .1 -.1 .o ,o 
1111•12 , .. 1.115 lt,O .... .1 .o .o ,o 
llt•U 310 1.275 11,0 -.5 .1 .o .o ,o 
1111•111 217 1,380 lt,O -.6 .1 .o .o ,o 

I 111•15 263 1.5011 ... o ••• ·1 .o .o .o 
llt•16 239 1.&~2 11,0 ··" .o .o .o .2 
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TABLE XC. BLADE FLAP MOTION HARMONICS - RUNS Ba-eTH 
(BLADE CENTER OF 1 3RAVITY AT . 35 CHORD)         1 

I   RUH- m.»oe FLAP MOTION  HARMONICS   (015) 
i      PT.     QMS 
1     NO.     «R THCC 

1               tfP%> *i_ tocet M  A2 A3 A« AS A6 *7        1 

1   «S- 3 700 .333 «.0 -.2 .0 .0 .0      1 
1   «3- •» 700 .3^3 «.0 .2 -.1 .0 .0      i 
1   03- 5 700 .150 «.0 -•i .1 -.1 .0 •0      1 
1   •*- 3 SOO .632 «.0 -.3 .0 .0 •o    f 
1   M- « SOO .708 «.0 -.1 -.2 .0 .0 .0      1 
1   ••- 5 500 .793 «.0 »,i -.2 .0 .0 .0      1 
1  tu- * SOO .876 «.0 -.? .0 .0 .0 
1   ••- 7 *75 .832 «.0 ••2 -.3 .0 .0 •o     t 
1 •*- a »si .876 «.0 -.2 .0 -tl .0 .o i 
1   M- « «20 .92« «.0 -.2 .0 -.1 -.1 .0      | 
1   M-10  3«! 1.038 «.0 -.1 -.3 .2 .0 .0 
1   M-U  3S7 1.1U7 «.0 • (« -.3 -.3 .3 -.1 .1    ' 
1   M-i2 330 1.185 «.u -.3 -.2 .3 .0 .0      ( 
1   M-iS 310 1.275 «.0 -.3 -.2 .3 .0 -. 
1 •*-»% aa7 1.380 «.0 -.3 -.3 .« .0 •0     1 
1   •«•-IS 263 1.50« «.0 ".2 -.5 -.6 .5 .0 •0    i 
I   t*-l* 239 1.652 «.0 -.7 .« .0 .0     1 

1   RUN- BLADE FLAP MOTION HARMONICS (DEO) 
|      PT.     CMS 
i      NO.     «R THEC 
|               (FPS) MU (0E6) fll 02 83 B« 85 86 87        j 

1   »3- 3 700 .333 «.0 .1 -.2 .0 .0 .0 •0    1 
1   IS- 1 700 .390 «.0 .2 -.5 .0 .1 .0 .0     i 
|   «3- S 700 .«50 «.0 .1 -.« -,1 .1 .1 .0 .0 
1   ••- 3 SOO .632 «.0 .1 -.3 -.2 .1 .0 .0 • o 
1   SO- « SOO .7u8 «.0 .1 -.« -.1 .1 .0 .0 •o 
1   •«- S SOO .793 «.0 .C -.6 .1 • 0 .0 •0 

|   •«- 6 SOO .876 «.0 .1 -.6 .2 .0 .0 .0 
1   •«- 7 475 .832 «.0 .0 -.5 -.1 .1 .0 .0 .0 
I •»- a «si .876 «.0 -.1 -.« -.3 .1 .0 .0 .0     1 
1   ••»- 9 «28 .92« «.0 -.1 -.3 -.7 .2 .0 .0 .0 
i at-io sai 1.038 «.0 .2 .0 -.9 .1 • 1 -.1 .0     1 

ai-li  357 1.107 «.0 .0 -.1 -1.0 .0 .1 -.1 -.t 
9   a«-12 33« 1.185 «.0 .1 .a -.9 -.1 .1 .0 -.1    1 

a«-X3 310 1.275 «.0 .0 .i -«9 -.1 .0 .0 -.1    1 
1    a«-l« 287 1.380 «.0 .0 .0 -.6 -.1 .0 .0 .0     1 

8«-15 263 1.50« «.0 -.1 .2 -.7 -.3 -.1 .0 .0     1 
84-16 239 1.652 «.0 -.« .3 "» T -.7 -.1 .0 .0      I 
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1 TABI£ XCIII.BLADE LAG MOTION HARMONICS - RUNS  85-861 

1 (BLADE CENTER OF GRAVITY AT .35 CHORD)    | 
i                                                                                                                      n 

RU»4- BL »Be U« *CTt6N HARMONF '*     lOtGlH 
PT.     OMS 
NO.      »R TMtC 

trps» *j IOFGI *l •2 »J AH A5 

•5- i tan .29t 5.C .0 .0 .0 .0 .0 
85- <»   700 .351 5.0 c .0 .0 .0 .0 
85- *> SO? .657 5.0 ? .0 .0 .0 • c 
85- 6  500 .766 5.0 2 .0 .0 .0 .0 
as- T «.oo 1.067 2.0 ? .0 .1 -.1 .0 
•9- B «00 1.108 2.0 ,« .0 .1 .0 .0 
86-  3   387 .795 2.0 .J .1 .1 .0 .0 
ee- i Mi3 .8H7 2.0 J • c .0 .0 .0 
86- 5  339 .906 2.0 » .1 .c .0 .0 
86- 6  316 .97« 2.0 J .c .0 .0 .0 
86-  7  292 1.052 2.0 0 .1 .Ü .0 .0 

1   86- 8 269 1.1«« 2.0 .0 .1 .0 .0 .0 
86- 9 2<i5 1.25« 2.0 . 1 • 1 .0 .0 .0 
86-10 221 1.388 2.0 - 3 .1 .0 .0 .0 
66-11  211 I. «56 2.0 «• .0 .0 .0 • o 

RUN- BLAOC LA« MOTION HARMONICS      (OCCI 
PT.     QMS 
NO.     «R THtC 

IFPS) HU (K6) 81 82 83 8« ** 
1   85- 9 TOO .29« .2 .1 .1 
1   89- «  700 .991 
|   89- 9 900 .697 
1   89- 6 900 .766 
|   «9- 7 400 1.067 • -•1            1 
I   89- • «00 1.108 - -»1            1 
|   86-  5 987 .799 

•6- «  369 .8«7 
86- 9 33« .906 
86- 6 316 .97« • 
86- 7 292 1.092 - 
86- 8 269 1.1«« • 
86- 9 2«9 1.2S« . 
86-10 221 1.90« - 
86-11  211 l.«56 - .1 .1 

1»H. 
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1       TABLE XCVI.     BLADE FLAP MOTION HARMONICS - RUNS 85-86 
|                                    (BLADE CENTER OF GRAVITY AT  .35 CHORD) 

1   RIM*' BLADE FLAP MOTION HARMONICS (OCOI | 
1     PT.    OMS 

NO.    •«                      THEC 
(PPSI       MU       (K«t Al A2 A3 A* AS A         1 

1   M- 3 700       .89*      5.0 .1 -.3 .0 0     1 
1   15^ • tOO       .351      5.0 .1 «.2 -.1 1 

05- 5 500       .*57      5.0 .1 -.3 .0 -.1 
55- 6 500      .7»      5.0 .2 -.* .1 

1 1 
1   «5- 7 «00    1.067      2.0 .5 -.2 .3 1 

•5- 6 »00    1.108      2.0 -.3 -.1 .1 -.1 1 
I   M- 3 307       .7W      t.O .2 .0 —. 1 .1 0     1 

U^ 0 S4S     .147     2.0 ~    .2 .0 -.2 .1 i 

It HS :m }:8 :} ::{ -.3 .1 
.1 1 

1   M- 7 t9t    1.052      2.0 -.2 -.1 —«H .2 0     1 
&-*m i.m   a.o .0 -.0 -.3 .2 0     1 
M- 9 2«»    1.25*      2.0 .:J- -.1 

-.1 
."•?. .3 

.* 
_?   J 

"      1 1   ft-lO Hi    i.lM      2.0 
1   i»»ll t^t    l,%9»      2.0 -.2 -.1 -.3 .5 1 
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