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SUSURY

The purposes of this research program vere to extend or develop analytical
methods for determining rotor blade asroelastic stability limits and to
perform stability calculations over a range of design and operating vari-
ables for articulated and nonarticulated configurations. The usefulness
of simpler analytical methods is investigated by comparing results vith
operating boundaries from the more elaborate analysis.

Volume V deals with an investigation of the unstable flapping or flatwise
bending tendency vhich arises during operation at high forward speeds and
reduced rotational speeds. An explanation of flapping instability is
given. This instability is basically due to negative aerodynamic spring
forces on the upstream side of the rotor. The principal parameters in-
fluencing flapping or flatwise bending are enumerated and discussed. The
simplified analysis used a single degree of freedom, rigid flapping for an
articulated blade or the first flatwise bending mode for a nonarticulated
blade. This analysis vas used to calculate response to an instantaneous
gust, and practical opersting boundaries were defined in terms of maximum
allowvadble flapping or bending excursions. The simple analysis was used to
investigate a range of various parameters. These included mass ratio for
both articulated and nonarticulated blades. Aerodynamic root cutout,
pitch-flap coupling, pitch-flap velocity coupling, and mechanical flap
damping vere investigated for articulated blades. Nonarticulated rotor
parameter variations included first mode bending frequency ratio, aspect
ratio, and control gyroscope feedback. The simple analysis showed that the
rotor flapping gust response vas essentially proportional to gust amplitude
and independent of advancing tip Mach number, if blade excursions were
wvithin the normally acceptable limits. The blade mass ratio and pitch-flap
coupling were found to have the most important effects on flapping insta-
bility. The simple analysis was supplemented with ~imilar calculations
with the extended Normal Mode Transient Analysis. 11ese results showved
that the simpler analysis predicted all trends correctly and provided re-
sults vhich wvere somewhat conservative with respect to those of the Normal
Mode Transient Analysis. This conservatism is appropriate to the use of
the simpler analysis in preliminary design studies. Recommended pre-
liminary design practices are stated, which are intended to prevent dif-
ficulties with flapping-type instabilities.

The existence of a flap-lag instability was investigated with the Normal
Mode Transient Analysis, vhich included blade stall, compressibility, and
reverse-flow effects. Three advance ratio conditions were chosea, with
the rotor operating in high-speed flight under stalled conditions. While
large control pulses were found to produce blade excursions which were un-
acceptably large from a practical standpoint, no tendency of the rotor to
.become catastrophically unstable was noted.
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FOREWO.

The investigation presented in this volume is part of a general study of
rotor blade aeroelastic instabilities, which is contained in five volumes.
The work vas performed under Contract DA LL-177-AMC-332(T) with the U. 8.
Army Aviation Materiel Laboratories, Fort Eustis, Virginia. The program
was monitored for USAAVLABS by Mr. Joseph McGarvey.

The rotor blade flapping and flatwise bending instability analysis and
calculations are the result of work done at the United Aircraft Research
Laboratories by Mr. H. L. Elman, and at Sikorsky Aircraft by Mr. Charles
F. Niebanck. The investigation of coupled flap-lag instadbility was per-
formed at Sikorsky Aircraft by Mr. Lawrence J. Bain.

Volume I of this report contains the development of the differential
equations of motion of an elastic rotor blade with chordvise mass unbal-

ance.

Volume II presents a linearized discreet azimuth classical flutter analysis
for rotor blades, with an appropriate parameter variation study, & com- |
parison with test data, and a comparison with results calculated by using

the method of Volume I.

Volume III describes a stall flutter analysis based on the calculation of ;
aerodynamic work for a cycle of blade torsional vibration. Two-dimensional
unsteady airfoil test data were used in the evaluation of the aerodynamic
work. The analysis was used to generate stall flutter boundaries.

Volume IV contains the results of a study of static torsional divergence.
A set of design charts and the effects of a range of parameter variations
are presented. The results of the static divergence calculation are com-
pared with results calculated by using the method of Volume I.
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INTRODUCTION

It is well known that the stability of the flapping motion of an articula-
ted helicopter rotor blade decreases with increasing flight speed, as con-
sidered in References 1, 2, 3, 4, 5, and 6. Some of the results given in
the earlier of these investigations are contradictory in nature because of
simplifying assumptions made. For example, the results of Reference 1,
vhich were obtained without including the effects of reveree flow, indicate
that no flapping instability is possible. On the other hand, the limited
results of References 2 and 3, which were obtained with the consideration
of reverseeflow effects, indicate that instability can occur at high ad-
vance ratios. The results of the more recent analyses (References L4, 5,
and 6) have generally been limited to the definition of stability character-
istics of specific configurations. Reference 6 does present some gener-
alized results showing that blade Lock number is an important parameter.

In addition, all of the work of the above references is limited to articu-
lated rotors. It can be shown that hingeless rotors are susceptible to a
flatwise bending type of instability which is produced by the same funda-
mental mechanism as that which produces the flapping instability on artic-
ulated rotors. The investigation contained in this volume determines, for
both articulated and hingeless rotors, the operating speed limitations
imposed by the reduction in blade static stability at high speeds; also

it assesses the effectiveness of various design parameter changes in alle-
viating these limitations. For this purpose, general parametric studies
were made, with rapid, simplified analyses being used. Some of the more
significant trends and results of the parametric studies were then supple-~
mented and verified by means of the Extended Normal Mode Analysis, which is
based on the equations given in Volume I, in order to determine the effects
of additional blade degrees of freedom.

The existence of a basic type of articulated rotor instability, associated
with heavy rotor loads, was predicted in Reference 7, where an approximate
analysis was used. With this analysis, it was concluded that moderate
impulsive disturbances could initiate coupled, unstable flap-lag motion in
a heavily loaded rotor. The investigation in this section was intended to
shov if this type of instability would be predicted with the more elaborate
Normal Mode Transient Analysis, in which blade stall, reverse-flow, and
compressibility effects, as well as blade elastic deflections are con-
sidered. The investigation was limited to six sample cases falling within
the scope of the analysis in Reference 7. These sample cases are at ad-
vance ratios of 0.3, 0.5, and 0.7. Various sudden collective pitch incre-
ments were applied, and the blade response was calculated for several sub-
sequent revolutions to investigate basic instabilities involving coupled
flapping and lead-lag motion.




R ILITY

The operation of rotary-wing aircraft at high forvard speeds results in
operation at high advance ratio u , since rotational speed must de re-
duced to prevent excessively high advancing blade tip Mach numbers. Flap-
ping or flatwise dbending instability arises because of the changes in rel-
ative flov direction caused ! a blade position out of the plane of rota-
tion on the upstream half of the rotor disc. This is {llustrated sche-
matically in Pigure 1, vhich shows side vievs of both articulated and hinge-
less rotors. Because of the blade deflection, there are components of the
flight velocity normal to the local span axis of the blade. These com-
ponents contribute to the local angle of attuck and result in incremental
1ift forces on the blades as shown. These incremental lift forces are
destadbilizing, since they are proportional to the blade deflection and are
in a direction to cause an increase in that deflection. These destadbilizing
forces increase vith aircraft forvard velocity. The centrifugal forces
stadilizing an articulated blade and the centrifugal and structural forces
stadbilizing the hingeless blade at dest remain constant. Therefore, an
unstable tendency vill develop as the rotor is operated at even higher
forvard velocities.

Note that in the above qualitative description of the flapping or bending
instability all force increments considered vere proportional to the dis-
placement of the blade. Hence, the instadbility can be considered as aris-
ing from a reduction in the static stability or the blade as it traverses
the upi'tream half of the rotor disc.



PRINCIPAL PARAMETERS INFLUENCING FLAPPING OR
FLATWISE BENDING INSTABILITY

In this section a brief discussion of the principal blace parameters which
influence flapping or bending instability is presented. ther parameters
of interest can be deduced by exsmination of the tlapping equation of
motion (Eq. 91 of Volume I) for the articulated rotor or the flstwise bend-
ing equation (Eq. 80 of Volume I) for the hingeless rotor. The parameters
considered are given below along with a brief explanation of the mechanism
by which such parameters can influence the static stability of the blade.

ROTOR ADVANCE RATIO, H

The destabilizing aerodynamic nondimensional spring forces acting on the
upstream rotor blades increase with advance ratio. Certain components of
these forces increase in a linear fashion with advance ratio, while others
increase in quadratic fashion.

BLADE MASS PARAMETER, MR
This parameter represents the ratio of blede aerodynamic forces to inertisal
forces. The lower the mass parameter, the more effective will be the cen-
trifuga. forces in stabilizing the rotor blade. A general expression for
the mass parameter applicable to both hingeless and articulated rotors is

MR . PC OR

M folsm ¥ dF (1)

When the tlade first bending mode shape le is tuken equal to T for
the srticulated rotor, the mass parameter for the articulated rotor is
equal to the more familiar blade Lock number daivided by the average value
of blade 1lift curve slope.

PITCH-FLAP COUPLING

The destabilizing aerodynamic spring on the upstream b.ades of an articu-
lated rotor can be reduced by introducing coupling between the flapping and
pitching motions of the blade so that the blade pitch is reduced when the
blade flaps upward. This is generally accomplished very simply by off-
setting the pushrod radially from the flap-hinge axis. This coupling pro-
vides a large stabilizing aerodynamic spring force when the blade is oper-
ating in conventional flow. In reverse flow, however, such coupling is
destabilizing. Unless the advance ratio is very high, the blade is oper-
ating in conventional flow for all except a small part of each revolution.
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MECHANICAL FLAP DAMPING

Augmentation of the inherent aerodynamic flap damping of the blade with a
mechanical device is another possible method for increasing the flapping
stability. The flap damper is a device which produces a moment about the
flapping hinge. The magnitude of this moment is proportional to the flap-
ping velocity, and acts in opposition to that velocity. The stabilizing
moment is, therefore, applied before large amplitudes are reached.

PITCH~-FLAP VELOCITY COUPLING

Stabilization of the flapping motion of an articulaited rotor blade can also
be achieved by coupling the blade pitch to the blade's flapping velocity
in such a manner that an upward flapping velocity causes an automatic re-
duction of blade pitch. This type of coupling introduces pitch changes
before the undesirable flapping amplitudes occur, but it is also destabi-
lizing in reverse flow.

NONARTICULATED BLADE BENDING STIFFNESS

The basic centrifugal forces stabilizing a rotor blade can be supplemented
to same extent by elastic bending momenis if the flapping hinges are elim-
inated, and the btending stiffness is increased well beyond present practice.

CONTROL GYRO STABILIZATION

The control gyro is basically employed as a device for aircraft stability
augmentation. When it is used for stability augmentation, the gyro response
to fuselage motions is employed to provide blade pitch control inputs which
stabilize these fuselage motions. The gyro can also be used to change

" blade response characteriztics as well, even in the absence of any fuselage
motion. This particular function is provided by transmitting small com-
ponents of the blade root flatwise bending moments to the gyro. The re-
sponse of the gyro to the combined moments transmitted from the blades re-
sults in pitch control inputs to the blades. It is therefore of interest
to assess the effect of such a control gyro on the flatwise bending in-
stability at high advance ratios.

The scope of this work includes one typical gyroscope installation. No
consideration is given to any {uselage motion except the steady forward
velocity. In order to provide a component of pushrod force due to blade
flatwise bending, the blade is swept forward slightly so that a small lead
angle exists between the blade structural axis and the feathering axis.
This causes the blade pushrod and horn to react a small component of the
flatwise bending moment, as well as the usual blade root torsional moment.
The total blade moment about tne feathering axis, including the component
of flatwise bending mentioned above, is reacted by the gyro through the
blade pushrod. The gyro motion, and the resulting pitch input to the
blades, depends on the pushrod loads applied to the gyro by all the blades.
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PARAMETRIC STUDIES OF FLAPPING OR FLATWISE
BENDING STABILITY WITH THE SIMPLIFIED ANALYSIS

PRELIMINARY DESIGN PROCEDURES FOR DEFINING PRACTICAL ROTOR LIMITS

The objectives of the parametric study phase of the investigation were (1)
to determine practical operating limits imposed on rotor systems by the
reduction in blade static stability et high advance ratio and (2) to assess
the effects of important design parameters on such operating limits. As
used here, the phrase "practical operating limit" is taken to mean that
advance ratio for which the reduction in blade static stability becomes so
severe as to cause an unacceptably large response to a representative in-
stantaneous gust. It was concluded that practical operating limits should
be considered rather than absolute stability limits because the latter is
of little use to the designer. This is so because unacceptably large blade
motions occur for quite moderate disturbances before the absolute stability
boundary is reached. If very large out-of-plane blade motions occur, non-
linear effects due to the coupling of out-of-plane and lead-lag motions of
the blade, and due to the reduction in stabillzing centrifugal forces with
blade deflection amplitude must be considered. When out-of-plane blade
deflections are limited to practical values compatible with fuselage
clearance requirements (10 to . ° iegrees of flapping on articulated rotors),
such nonlinear effects are of . ..dary importance. This conclusion is
supported by the results shown 1a Figures 2 and 3. Figure 2 shows the max-
imum nondimensional tip deflection obtained after the articulated blade
encounters an instantaneously applied gust at an azimuth angle of O degrees.
The response is shown with and without lag freedom, and it can be seen that
lag effects are not of primary importance. Figure 3 shows the response of
an articulated blade which is displaced in the flapping degree of freedom
at twvo initiul azimuth angles. The resulting time histories of blade flap-
ping motion are shown for no additional disturbances and for no collective
and cyclic pitch inputs. It should be noted that Figure. 3 sLows much larger
excursions in flapping for an initial disturbance at an azimuth angle of

90 degrees than for the same initial flapping displacement at an azimuth
angle of O degrees. In the work to follow, the response of the blade with-
out initial flapping or bending to an instantaneous gus. is studied. It
was found that the largest blade excursions for a gust of a given size
occurred if the gust was applied near an azimuth angle of O degrees.

Practical operating limits of the various rotor configurations analyzed

were therefore determined by neglecting blade lag motion and by representing
the out-of-plane motion of the blade by the rigid-body flapping mode for

the articulated blade and by the first elastic flatwise mode for the hinge-
less blade. Blade responses in either case were determined by numerical
integration of the appropriate equations of motion. Numerical integration
was required because of the periodic coefficients in the equations of motion
and the inclusion of nonlinear compressibility and stall effects in the
representation of the blade aerodynamics. A more complete description of
the general type of analysis used is given in Reference 8. The airfoil

data used in Reference 8 was also used in this study. In computing rotor
blade response to gusts, it was assumed that fuselage motions and rotor rpm




changes vere negligidble within the time period required for the blade re-
sponses to reach their maximum values (generally 3 to 1 revolution of the
rotor) for these simple analyses. An instantanecusly applied gust was
assumeG, and unsteady aerodynamic effects were neglected. These assumptions
are conservative, and refinements are beyond the scope of the current anal-
ysis. The megnitude of the gust assumed in the bulk of the calculations
wvas 30 fps; similarly, an advancing blade tip Mach number of 0.85 was also
assumed. It will be shown, however, that these assumptions are not crit-
ical, inasmuch as the results obtained are approximately proportional to
gust amplitude and almost independent of the advancing tip Mach number.
Thus, normaliszed results can be obtained which can be applied to any prac-
tical combination of gust magnitude and advancing tip Mach number. Such
normalised results are obtained by evaluating the derivative ¢ 8;/d\¢ .

vhere

s'r is the maximum tip deflection at any azimuth
angle divided by rotor radius

Ag is the ratio of gust velocity to rotor
rotational tip speed

The quantity \g can be expressed in terms of advance ratio and advanc-
ing tip Mach number as

Wg (1 +4)
Ag * (2)

M|'9°A

The blade was assumed to be initially trimmed to zero flapping or bending and
to be at an azimth angle of zero degrees when it encountered the gust.

This initial azimuth angle generally resulted in the maximum tip deflection
of the blade during the gust-induced transient.

The degree of linearity of the blade gust response with respect to A

and its independence of advancing tip Mach number are shown by the results
presented in Figures 4 and 5. Although a small amount of scatter is present
due to nonlinear stall and compressibility effects, the advantages of gen-
erality permitted by the linearizing assumption far outweigh the small
errors introduced, vhich are generally less than 10% in maximum u

Once values of dgT/de for several advance ratios have been
determined for a particular rotor configuration, a comparison with maximum
allowable values, as determined by maximum permissible blade tip excursions
from the trim condition and maximum anticipated. gust size,can be made to
determine maximum operating advance ratios. The maximum allowable value of
the derivative is approximately

5 o
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The above general approach was used to investigate the independent effects
of each of the parameters influencing flapping or bending stability which
were described.

In order to assess the effect of the control gyroscope, blade response cal-
culations were first performed with the gyroscope assumed fixed to the
shaft. The loads on the gyroscope were calculated, and then the gyroscope's
response to these loads. Finally, the gyro response was used to define new
cyclic pitch control positions for another blade response calculation. The
change in blade response due to the new control position was then noted.

One such cycle of calculations was Jjudged to be sufficient for this study.
The single-degree-of-freedom analysis considered gyro loads due to blade
flatwise moments only.

BLADE CONFIGURATIONS STUDIED

The rotor system configurations studied have a radius of 31 feet, with a
flap-lag hinge offset of 3.4% of the rotor radius. All blades have uniform
cross section and mass properties, except for aerodynamic root cutout. The
specific rotor configurations which were analyzed are given in Table I.

As indicated in the listing in Table I, the investigation generally con-
sidered independent effects of the various design parameters. The only
exception to this was the investigation of aspect ratio effects for the
hingeless rotor. This parameter was varied by changing the number of biades
of the rotor, keeping & constant rotor radius and solidity. By assuming all
blade sections to be geometrically similar to those of the basic rotor
blades, & specific simultaneous variation of mass parameter and frequency
ratio resulted.

Control gyro parameters of interest are a lead angle of 1.5 degrees between
blade axis and feathering axis and a gyro polar moment of inertia .0l times
that of the rotor. The pushrod azimuth location leads the blade feathering
axis by U5 degrees. No mechanical damping is applied to gyro motion.

GENERAL DISCUSSION OF RESULTS FROM THE SIMPLIFIED ANALYSIS

Tip deflection derivatives are presented for the articulated and nonartic-
ulated rotors in Figures 6 through 10 and 11 through 13 respectively. 1In
each of these figures, the derivative d§t/dAg is plotted as a function
of rotor advance ratio. The results were determined by using a 30-fps gust
and an advancing blade tip Mach number of 0.85. However, as discussed pre-
viously, the resulls can be applied with confidence to situations involving
other values of gust amplitude and advancing tip Mach number. Presented in
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each figure are curves showing the characteristics of the basic rotor sys-
tems as well as those of rotor systems incorporating a specific design
pareameter change. Also shown on each of these figures is a curve repre-
senting a locus of maximum allowable derivative values as determined by
Eqs. (3) anad (L4), based on the assumptions of a 30-fps gust, an advancing
tip Mach number of .85, and a maximum allowable tip deflection of .26 times
rotor radius. When the actual derivative for a given rotor is equal to the
maximum allowable value, a rotor operating limit is defined. It should be
noted that this is appropriate only to the assumed advancing blade tip Mach
number and the assumed maximum gust velocity.

The tip deflection value (.26R) used in determining the maximum allowable
derivative values in Figures 6 through 13 was selected principally from
typical fuselage clearance requirements. For an articulated rotor with
small flap hinge offset, such a deflection corresponds to a flap angle of
about 15 degrees. For hingeless rotors, other factors, such as stress at
the root of the blade, must be considered in selecting a maximum allowable
tip deflection. For consistency, however, the same criterion was used for
both rotor systems. It is evident that blade stresses are highly dependent
on the detail design of the blade; as such, their determination for all
hingeless rotors studied was beyond the scope of these parametric studies.
The maximum operating advance ratios determined for the hingeless rotor on
the basis of fuselage clearance considerations may therefore be optimistic.
The attaimment of such advance ratios in practice will be contingent upon
acceptable blade stress amplitudes over the tip deflection range considered.

MAJOR EFFECTS OF PARAMETER VARIATIONS ON THE ARTICULATED ROTOR

Cross plots of the results of Figure 6 through 13 showing typical effects
of various design parameters on maximum operating advance ratio, are pre-
sented in Figures 14 through 21. It is emphasized that these are typical
results based on the assumption that fuselage clearance requirements will
be the determining factor in defining allowable blade tip deflections and
that the gust size and advancing tip Mach numbe.: are 30 fps and 0.85 re-
spectively. Results for other combination of these quantities can readily
be generated by using Eq. (4) and the more general derivative results of
Figures 6 through 13.

Figure 14 shows that decreasing blade mass parameter by increasing blade
flapping inertia or decreasing air density permits operation of the rotor
at higher maximum advance ratios. This results from the fact that at low
mass parameters, the stabilizing centrifugal forces acting on the blade are
larger in relation to the destabilizing aerodynamic forces. The mass
parameter of the basic blade is based on a sea level density. Operation at
an altitude of 10,000 feet would reduce the mass parameter by about 25%.

The effect of pitch-flap coupling 83 on maximum advance ratio is shown
in Figure 15, where it is evident that the addition of such coupling is
beneficial. It is interesting to note, however, that a point of diminishing
returns is reached where further increases in 83 produce little further
imporvement in advance ratio capability. This is the result of the de-
stabilizing effect of such coupling in reverse flow. Thus, it is to pe
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expected that 83 would be most effective at moderate advance ratios,
where reverse-flow effects are not too pronounced.

Figure 16 shows the effect of increasing the aerodynamic root cutout of the
blade. As might be expected, because of the relatively small contributions
of the inboard portions of the blade to the destabilizing aerodynamic
moments, little benefit from cutout results until unrealistically large
cutouts are employed.

Figure 17 shows that the addition of mechanical flap damping is beneficial.
However, dampers of impractically large size are required to achieve im-
provements of the same order of magnitude as those produced by pitch-flap
coupling. To achieve critical damping, a flap damper is required which
produces much greater damping than present lag dampers.

The effects of pitch-flap velocity coupling (shown in Figure 18) are qual-
itatively quite similar to those of pitch-flap coupling with high effective-
ness at low advance ratios. This is as expected, inasmuch as both types of
coupling are destabilizing in reverse flow.

MAJOR EFFECTS OF PARAMETER VARIATIONS ON THE NONARTICULATED ROTOR

The effect of mass parameter on maximum operating advance ratio for the
nonarticulated rotor is shown in Figure 19. As with the articulated rotor,
the effect of decreasing mass parameter is beneficial. For comparison, tha
articulated rotor results of Figure 1l have also been included in Figure 19,
end it is evident that at equal mass parameters, the two types of rotors
have essentially the same maximum advance ratio. This is not surprising in
view of the fact that the basic hingeless rotor has structural stiffness
amall enough so that the stabilizing moments acting on the blade are still
largely centrifugal, similar to the case with the articulated rotor. This
is evidenced by the fact that the ratio of blade first mode natural fre-
quency to rotor rotational trequency was 1.12 for the hingeless rotor, com-
pared to 1.03 for the articulated rotor. Since the nonarticulated blade
flapping stiffness is almost entirely the result of centrifugal force, the
ratio of first mode flapping frequency to rotor rotational frequency can be
assumed constant over the range of rotor rotational frequencies included in
this study. Further, any benefits occurring from this small increase in
total stiffness for the hingeless rotor are, to a large extent, compensated
for by the fact that, for the same tip deflections, the higher slopes of
the outboard portion of the bent nonarticulated blade aggravate the desta-
bilizing aerodynamic forces at a given advance ratio.

The effect of frequency ratio on maximum advance ratio is shown in Figure
20. A dashed line is drawn connecting the points, since resonance effects
can cause local irregularities in the shape of the curve.

In determining the results of Figure 20, all parameters but frequency ratio
have been held constant, and no attempt has been made to relate the vari-
ations in frequency ratio to practical blade design changes. Most design
changes which would be made to increase blade natural frequency to the
levels shown in Figure 20 would probably involve changes in the mass pa-




rameter, spar taper,and thickness-to-chord ratio. In view of the potential
difficulties associated with independent changes of blade frequency ratio,
it vas vorthwvhile to examine the effect of simultaneous variations in both
frequency ratio and mass parameter associated with a specific type of blade
modification. The particular modification considered was an independent
change in blade cross section, expressed as a change in aspect ratio. 1In
order to keep rotor solidity and radius constant, the aspect ratio and the
number of blades were changed simultaneously. The chord and thickness of
the dblade cross section were changed in inverse proportion to the number of
blades. The blade cross section was geometrically similar for all aspect
ratios. The basic hingeless rotor had 5 blades of aspect ratio 20.4. The
number of blades on the rotor was varied from 7 to 2 while maintaining con-
stant rotor solidity and radius. Since blade characteristics alone were
being studied, the poor vibration and ground resonance characteristics of
the hypothetical 2-bladed nonarticulated rotor were ignored. By assuming
all bdlades to have cross sections geometrically similar to that of the
basic rotor blade, it was possible to obtain the following expressions
vhich relate the frequency ratio and mass parameter of the modified blades
to those of the basic blade:

2
af,. * [(”&u’mm"‘cr] ( ﬁ.%sn.) + Ker (5)
/R
Mp* M"aaslc( Eswc) (6)

The effects of varying blade aspect ratio in this manner are shown in
Figure 21,vhere frequency ratio, mass parameter, and maximum advance ratio
are plotted as functions of aspect ratio. Low aspect ratios are seen to
be beneficial, with the benefits produced almost entirely by mass parameter
effects for the aspect ratio range considered.

The response of each of the five blades to the idealized instantaneous gust
with and without cyclic pitch inputs due to control gyroscope feedback is
shown in Figure 22. Each blade is identified by its azimuth angle at the
onset of the idealized gust. As mentioned previously, cyclic pitch inputs
are based on gyroscope response to pushrod loads determined with the gyro-
scope held fixed. In this single-degree-of-freedom analysis, the pushrod
loads were the result of flapping moment components only, which are applied
to the pushrods because of the 1l.5-degree angular difference between the
blade axes and the feathering bearing axis.

It is apparent i o Figure 22 that the particular control gyroscope in-

stallation chosen has no significant effect on maximum blade response after
the idealized gust.
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FLAPPI R F 8E B G_INSTABILITY CALCULATIONS
WITH THE EXTENDED NORMAL MODE TRANSIENT ANALYSIS

PURPOSES AND METHODS

A number of blade configuration and flight condition combinations were
studied with respect t~ flapping or bending stability. These were carried F
out with the extended Normal Mode Transient Analysis to determine the

effects on stability of higher flatwise bending modes, lag freedom, edge-
wise bending modes, and torsion. This was done for articulated rotors with
and without chordwise center of gravity to 25% chord offset and with and
without pitch-flap coupling. It was also done for nonarticulated rotors
with and without chordwise center of gravity to 25% chord offset and with
and without control gyroscope feedback effects. The blade elastic axis

was at the 25% chord for all rotors considered.

The basic method of determining & practical stability boundary was essen-

tially the same as for the similar work with the simplified analysis. 1In
general, *»a blade was assumed to be at the zero azimuth position, with
flapping, lagging, and higher modal displacements and velocities all start-

ing from zero. For the gyro feedback studies, the individual blades were
started in a similar manner at their azimuth positions when the first blade

was at zero azimuth. The blade was then assumed to be instantanecusly

enveloped in an upward flow that represented an idealized gust, which then
remained constant for the time period of interest. One essential difference
between the simplified analysis and the Normal Mode Transient Analysis

studies is the length of solution required to demonstrate that the systenm

being studied has achieved a representative amplitude response. The sim-
plified system, which considers only one flapping or flatwise bending de-

gree of freedom, reaches essentially its maximum amplitude during the first
rotor revolution after the onset of the instantaneous gust. Thus, no ben-

efit would be obtained for simplified solutions of more than one rotor
revolution in length. The extended Normal Mode Transient Analysis, however,
considered lagging and edgewise bending motions, whose natural periods were
considerably more than one revolution in length. It was thus expected that

more revolutions of the rotor might elapse before the maximum flapping

amplitude would be attained. On the other hand, a practical rotor installed

on an aircraft would not be carried inexorably into a gust approximating the
type being studied. Aircraft motions and control corrections would become
significant after a certain period of time, and consideration of these

effects is beyond the scope of this investigation. In order to provide a
conservative compromise, the blade motion solution was allowed to run for

10 rotor revolutions. This is a time period of the order of 3 to 5 seconds.

If the response of the rotor to the idealized gust were desired over a J
longer period, a study similar to Reference 9, would be needed for meaning-
ful results. Thus, the information obtained by allowing the blade motion
solution to run past 10 revolutions would have little practical value, since
significant control correction and fuselage motions would be taking place.

11
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ROTOR CONFIGURATIONS AND FLIGHT CONDITIONS STUDIED

The pertinent characteristics of the basic rotor system used for the flap-
ping or bending stability studies with the extended Normal Mode Transient
Analysis are given in Table II. The rotor configurations and flight con-
ditions investigated are listed in Tables III and IV, respectively. The
modal frequencies for the articulated and nonarticulated configurations
are given in Tables V and VI.

It should be noted that the extended Normal Mode Transient Analys!s employs
blade rigid flapping and lagging modes for the articulated blades, in
addition to the elastic modes listed in Table V.

Note that configurations 1 and 2 in Table II are similar to configurations
1 and 16 studied with the simplified analysis, which are given in Table I.

RESULTS OF FLAPPING OR BENDING INSTABILITY CALCULATIONS
WITH THE NORMAL MODE TRANSIENT ANALYSIS

The basic results of the procedure described previously are given in Table
VII for the various configuration and flight condition combinations studied.
More detailed results are pesented graphically, to permit further under-
standing of the effects of higher flatwise bending modes, lag freedom,
edgevise bending modes, and torsion.

It should be noted that the results contained in Table VII refer to the
maximum excursions experienced after the onset of the instantaneous gust.
Much of the discussion to follow is based on excursions during a typical
rotor revolution a few seconds after the gust has been applied. It is felt
that these results may be more representative of response to a gust witk a
more gradual onset.

12
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DISCUSSIONS OF FLAPPING OR FLATWISE BENDING INSTABILITY RESULTS

The single-degree-of-freedom analysis results have been discussed earlier
under the appropriate subsections. Practical rotor operating limits and
preliminary design procedures were described in conjunction with the single-
degree-of-freedom analysis. In this subsection, these limits and proce-
dures will be discussed in relation to the Normal Mode Transient Analysis
results. Where deviations appear between the results of the single-degree-
of-freedom analysis and the Normal Mode Transient Analysis, possible

reasons for the deviation, and the range of usefulness of the single-degree-
of-freedom analysis, are discussed.

The first type of graphical presentation of the Normal Mode Transient
Analysis results appears in Figures 23 through 29, as time histories of
flapping and leading for the articulated blade, and as modal amplitudes for
the nonarticulated blade. All 10 revolutions included in the solution are
generally presented. It will be noted that not every configuration and
flight condition combination listed in Table VII is included in these plots.
Inclusion of these other combinations in this set of graphs would offer no
additional information of particular interest. These will, however, be
mentioned and described during the discussions to follow.

Figure 23 shows flap and lead time histories for the articulated blade,
with no pitch-flap coupling and the center of gravity at the 25% chord
position (configuration 1 in Table II). Results are shown for 4 = .5,
1.0, and 1.25, with QR adjusted to keep the advancing blade tip Mach
number at .85. The articulated blade time history for x4 = .60 is not
shown, since it was simjlar to that for M4 = .50, except for a larger
amplitude. Note that the low-frequency transient lead motion decays in
each case, Ultimately, the one-per-revolution lead motion visible would
remain,

The blade is seen to lag during the first half revolution in each case.

When the retreating aide is reached, the blade is forced to lead to a much
greater extent. The results for advance ratio 4 = 1.5 vere qualitatively
similar, but with somewvhat larger flapping amplitudes, and with lead tran-
sient amplitudes more than twice as large. Even for this case, the lead
transient decayed. This case for x = 1.5 was not plotted, since the
motions were well beyond the range of practical interest. It should be
particularly noted that for advance ratio M4 = 1.25, the maximum flapping
amplitude was reached in two rotor revolutions or less, and that once it

was reached, variations were relatively minor.

Figure 24 shows first flatwise and edgewise modal time histories for the
nonarticulated blade, tabulated as configuration 2 in Table III. These
modal amplitudes for the nonarticulated blade are the corresponding tip
deflections divided oy rotor radius. The similar quantities for the artic-
ulated rotor are the tangents of the Tlupring and leading angles. Since
these angles remain relatively small, they can be compared directly to the
nonarticulated blade first bending modes, at least from a fuselage clear-
ance standpoint. Note that the flatwise response for the nonarticulated

13
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blade is generally larger than for the articulated dlade. For advance
ratio M = 1.25, large edgevise motions develop in addition to the flat-
vise motions, and survival of the blade would be very doudbtful. Since the
time history response for advance ratio u = .50 is similar to that shown
for p = .60, vith smaller amplitudes, only the pu = .60 case is pre-
sented in Pigure 2L.

Figure 25 shows a sample flapping and lagging response for the articulated
blade vith pitch-flap coupling, listed as configuration 3 in Table III.
Response of the same configuration was about two-thirds as large for an
edvance ratio x4 of 1.25 and was qualitatively similar. Response for an
advance ratio of 1.0 wvas very small. The response at an advance ratio of
1.8 vas impractically large, wvith an apparently divergent lead motion.

Pigure 26 shows the flapping and leading time history for the articulated
blade with the center of gravity located 6% of the chord aft of the elastic
axis and 25% chord. This is listed as configuration 5 in Table III. This
result is similar to the corresponding part of Figure 23, for an advance
ratio u of 1.25, with a more abrupt buildup of flapping amplitude and
wvith & noticeable tendency of blade motion tovards the lagging direction.
These general tendencies were less apparent in the similar results for ad-
vance ratio 4 = .5, .6, and 1.0. In these cases, the flapping and lead-
ing motions were substantially identical to the corresponding cases with
the blade balanced on the 25% chord.

Figure 27 shows modal time histories for the nonarticulated b.ade with the
center of gravity 6% of the chord aft of the elastic axis and 25% chord.
This is configuration 6 in Table III. The motions are similar to the cor-
responding part of Figure 24 with an advance ratio of 1. A more abrupt
onset of flatwise motions is evident, together with a somevhat smaller
edgevise motion. The corresponding results for advance ratios of .5 and .6
vere generally similar to those for the balanced blade. However, the re-
sponse of the balanced blade at an advance ratio of .5 was about 25§ greater
Note that for these 6f aft center—of-gravity cases at u = .5 and .6, the
maximum flapping amplitudes were reached during the first revolution, rather
than later, as for the balanced blade ~ases. Figure 28 was made more de-
tailed to present the second, third, and fourth revolution modal time his-
tory for the same blade configuration at an advance ratio of 1.25. 1In this
case, the motions grew catastrophically large for this nonarticulated blade
during the fifth rotor revolution, causing the computer program to terminete
the solution automatically. The gust amplitude used causes immediate flap-
ping amplitudes beyond the practical limits, but it could be expected that
the same instability would be triggered by a smaller disturbance. Inspec-
tion of Figure 28 shows that torsion, first edgewise, and first flatwise
modes are involved in the instability.

Figure 29 presents the flapping and leading time histories for the artic-
ulated blade with center of gravity 10§ of the chord aft of the elastic
axis and 25% chord, listed as configuration 7 in Table III. An apparent
instability was manifested by slowly growing lead-lag motion. The advance
ratio is 1.25 for this figure. A similar case was computed for B = 1.50.
Very large motions occurred, as highas 8 = .Shand { = - .28, In
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this last case, however, the motions appeared to diminish toward the end
of the l0-revolution interval.

Inspection of the set of figures described in the preceding discussion
shows that the blade flapping motion generally became essentially cyclic
within three rotor revolutions after the idealized gust onset. This was
true even though the e»ticulated lead-lag motion and the nonarticulated
edgewisé motion had not yet reached their corresponding cyclic motionms.
More detailed inspection of the computer output showed that torsion and
flatwise bending modal amplitudes also generally became nearly cyclic after
a few rotor revolutions. These observations permitted the use of the tenth
revolution as a sample representing any of the others after maximum flap-
ping amplitude had been reached. The computer program automatically pro-
vided detailed information about total blade deflections during this rev-
olution. Since blade flapping, flatwise bending, and torsion mode time
histories were virtually identical for any of the revolutions, it was valid
to consider blade vertical and torsional deflections as cyclic. Detailed
information about any particular revolution could be obtained, if necessary,
by running separate Normal Mode Transient Analysis cases. However, the
tenth revolution information was adequate for the purposes of this portion
o the investigation.

The next set of Figures, 30 through 34, were prupared to aid in the com-
parison of different configurations, and also to present total blade de-
flections due to flapping, flatwise tending, and torsion.

Figure 30 shows articulated and nonarticulated blade tip vertical deflec-
tion nondimensionalized by rotor radius, together with blade tip elastic
twist. These data were plotted as time histories against blade azimuth
angle. Note that articulated and nonarticulated flapping response is al-
most identical for the advance ratios u = .5and u = .60. The non-
articulated blade exhibits a larger amount of torsional motion for these
advance ratios. When advance ratio is unity, both blade types undergo
substantial torsional deflection, but the tip deflection increases con-
siderably more for the nonarticulated than for the articulated blade.
Figure 31 shows similar results for the articulated blade at advance ratio

M = 1.25. The nonarticulated blade results for this advance ratio are
not pre-~ented here, siice impractically large flatwise and edgewise bending
deflections resulted, as shown previously in Figure 2.

Figure 32 (a) shows articulated blade results with and without pitch-flap
coupling, at an advaance ratio p of 1.0. This type of coupling causes
flapping response to be very small, and a pronounced beneficial effect on
torsion response is evident. Apparently, the beneficial effects of pitch-
flap coupling prevail on the retreating blade at this advance ratio.
Figure 32 (b) and (c) show the similar results for advance ratios u of
1.25 and 1.50. The maximum flapping response with this amount of coupling
occurs when the blade is close to the 360-degree azimuth position. It
occurs soon after the 180-degree azimuth position with no pitch-flap cou-
Pling. As mentioned previously, the similar results for advance ratio

i = 1.8 showed impractically large response.
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Figure 33 shows articulated blade results with and without center-of-
gravity offset. The 6% aft center-of-gravity offset causes some increase

in flapping response at the lowest advance ratio x = .5 and a compar-
atively pronounced increase in torsional response,as shown in Figure 33(a)
A similar result is obtained at advan e ratio MK = .60, shown in Figure °

33(b). At the higher advance ratios, 4 =1.0and u = 1.25, shown on
Figure 33(c) and (d), the 6% center-of-gravity offset has very little
effect on flapping response during a typical revolution. A moderate in-
crease in peak-to-peak torsion response occurs at the higher advance ratios.
It should be remembered that the response with the center-of-gravity offset
is somewhat larger during the first revolution after an instantaneous gust.
“he tenth revolution blade deflections for the 10% aft center-of-gravity
offset configuration at M = 1.25 are shown in Figure 33(e). The flap-
ping deflections are seen to be smaller with this center-of-gravity offset,
but it should be remembered from Figure 29 that in this case, completely
cyclic variations in flapping were not yet reached by the tenth revolution.
A peak flapping response approximately 38% higher occurs in the eighth
revolution. The torsion response contains high-frequency excursions of
rather large amplitude, and it can be seen that these torsional deflections
are not cyclic. It alsc can be seen that these oscillations appear on the
advancing blade and tend to quench on the retreating blade.

Figure 34 contains corresponding results with and without 6% aft center-of-

gravity coffset for the nonarticulated rotor. These results are gualita-

tively similar to those for the articulated blade. As mentioned earlier,

the instantaneous gust encounter for this nonarticulated configuration at
B = 1.25 resulted in a rapidly diverging instability.

The aft center-of-gravity location would be expected to increase nose-up
blade torsion with positive flapping in conventional flow and thus would
increase blade flapping amplitude. In regions of reverse flow, the torsioa--
flapping coupling is made less destabilizing by moving the center of gravity
aft on the blade. The area of reverse flow increases with advance ratio
and accounts at least partially for the center-of-gravity effects shown in
Figures 33 and 3L4. Note that advancing blade tip speed remains constant

for these plots, so that retreating blade reverse-flow velocities increase
with advance ratio. This would tend to magnify retreating blade effects as
forward speed increases.

The effect of a control gyro is presented next, in Figures 35 through 39.
The calculations were carried out using the method and configuration de-

scribed previously for the single-degree-of-freedom analysis. In this case,

however, the blade root bending moment and feathering couple wer~ obtained
from the Normal Mode Transient Analysis and were used in the calculation
of gyro response. The effect of the gyro control inputs was determined
for each of the five blades for a full revolution at an advance ratio

u = .60. The total tip vertical deflection and torsional deflection
are shown. One revolution was sufficient to show that the control gyro
had at best an insignificant effect on flatwise response. It may, in fact,
increase response on subsequent rotor revolutions. These results cannot be
considered to be general, however, since other control gyro installations
may behave differently. The entire character of the gyro response will
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probably change as aircraft speed increases at constant advancing tip Mach
number. The higher advance ratios would result in higher blade loads and
therefore higher loads on the gyroscope. The slowing of the rotor and gyro
rotational speed will also radically increase the response of the gyroscope
to a given load. Thus, the gyroscope action would tend toward the response
of a swashplate of high inertia,

The final set of figures for this investigation summarizes and compares the
various results. Figure 4O shows the maximum and minimum values reached by
flapping angle f3 and nondimensional tip deflection gr during a
typical revolution of the articulated blade after the gust onset, as cal-
culated by the Normal Mode Transient Analysis. The maximum nondimensional
tip deflections as calculated by the single-degree-of-freedom analysis are
shown for comparison. Figure U4l, which is similar to Figure 40, shows the
corresponding results for the nonarticulated blade.

Figures 40 and U1 demonstrate that the single-degree-of-freedom analysis
provides a conservative estimate of flapping response up to and well beyond
tne practical limits. It can also be seen that the single-degree-of-free-
dom analysis prediction for the articulated rotor is much more conservative
than the corresponding prediction for the nonarticulated rotor. T7The data
given in Figure 2 show that lead-lag motion alone cannot account for the
discrepancy. From Figures 30 and 31, it can be seen that torsional motion
of the blade also has an appreciable effect on the blade angle of attack
distribution, thereby influencing blade loadings and flapping response.
Apparently, the combined effects of blade torsional deflection and lead-lag
cause the fairly impc.tant mitigation in flapping response for the articu-
lated blade. It should be noted from Figures 23 and 24 that the first
harmonic edgewise response of the nonarticulated blade is much larger than
the corresponding first harmonic lead-lag motion of the articulated blade.
Note, however, that the nonarticula‘ 4 first edgewise modal amplitude peaks
at approximately ¢ = 90 degrees, while the articulated blade lead-lag
motion peaks at about Y = 270 degrees. It appears that torsional deflec-
tion leads to a beneficial lead-lag motion for the articulated blade. This
is not present in the case of the nonarticulated blade, so the solution
remains cloce to the single-degree-of-freedom result. Figures L0 and Ll
i\lso show that the blade tip deflection in both the articulated and non-
articulated cases s essentially composed of rigid flapping or first mode
bending, respectively, as expected.

Figure 42 shows similar nondimensional vertical deflection envelopes for
the articulated blade with and without pitch-flap coupling, as determined
by the Normal Mode Transient Analysis and by the single-degree-of-freedom
analysis. Note that only upward deflections are presented for the single-
degree-of-freedom analysis. It can be seen that the single-degree-of-
freedom analysis predicts the effect of pitch-flap coupling conservatively.

Figures 43 and L4 show the effects of aft center-of-gravity position on the
articulated and nonarticulated blades respectively, as predicted by the
Normal Mode Transient Analysis. These figures show that an aft center-of-
gravity otfset of 6% has little effect on flapping response, except at the
lower advance ratios, where aft center of gravity causes an increase in
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flapping. It should be remembered that these envelopes are for a typical
revolution and that aft center of gravity would increase flapping somevhat
during the first revolution after the instantaneous gust, as shown in Table
VII and Figures 26 and 27.

Flight condition 7 of Table IV gave results for Buyax/ A6 vhich were
similar to corresponding results for condition 3, as “hown in Table VII.
Thus, the linearity of the flapping response with respect to gust amplitude
is also present in the solutions of the extended Normal Mode Transient
Analysis. This permits the calculation of response to more elaborate gust
representations through use of the principle of superposition, and the
various statistical methods that may be employed. Because of the busic rotor
symmetry, upvard or downward gusts would have similar responses of opposite
sense on a lightly loaded rotor.

The use of the single-degree-of-freedom analysis and the preliminary design
methods presented earlier seems to be well justified for blades similar to
those treated here, if it is recognized that the results for articulated
blades may be rather conservative, It appears that articulated blade
torsion and lagging may exert an important effect, especially for advance
ratios near unity and greater. In order to show the effect on permissible
flight conditions of gust velocity, Figure 45 has been prepared by using
Eq. U, data from Figure 5, and Table VII. The powerful effect of pitch
flap coupling shown in Figure L2 is clearly demonstrated here. It can be
seen that the discrepancy between the single-degree-of-freedom solution
and the Normal Mode Transient Analysis solution is of less practical im-
portance than would be inferred from Figures 4O and L2. Extrapolation on
FPigure U5 indicates that a speed exists for which any indefinitely small
disturbance will cause the blades to reach their flapping limits, but this
speed is very high, on the order of 400 knots. This result is, of course,
applicatle only to the specific blade configuration considered.
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FLAP-LAG INSTABILITY

The existence of a basic type of articulated rotor instability under heavy
loads was predicted in Reference 7, where an approximate analysis was used.
With this simple analysis, it was concluded that a heavily loaded rotor
could develop catastrophically large flapping motions due to coupling with
lead-lag deflections, #¢ a result of quite moderate initial disturbances.
The investigation in this section was intended to determine if this type

of instability would be predicted with the quite elaborate Normal Mode
Transient Analysis, in which blade stall, reverse-flow, and compressibility
effects, as well as elastic deflections, are considered. The investigation
was limited to a few sample cases for which flap-lag instability could be
anticipated using the analysis of Reference 7. These sample cases are at
advance ratios, u , of 0.3, 0.5, and 0.7, Various sudden collective pitch in-
crements were applied, and the blade response was calculated for several
subsequent revolutions to investigate basic instabilities involving coupled
flapping and lead-lag motion.

The Normal Mode Transient Analysis was used to investigate the possibility
of unstable flapping motion of an articulated rotor due to nonlinear coup-
ling with lead-lag motion. The existence of such behavior is discussed in
Reference 7, where it is theorized that an impulsive disturbance of the
rotor could initiate coupled, unstable motion. Whether or not the motion
becoumes completely unstable is determined by the amount of viscous damping
in the system; since the flap damping is primarily aerodynamic in nature,
the significant parameter becomes the mechanical viscous lag damping. In
this investigation, the §-58 (CH-3L4) rotor parameters were used to define
the dynamic system, and the transient response to a disturbance was deter-
mined as follows. At each of three forward speeds, a high rotor loading
condition was established with the Normal Mode Transient Analysis, and the
steady-state flapping and laegging motions were determined. With these
motions utilized as initial conditions, an increment of collective pitch
wvas introduced and the resultant transient blade motion was calculated.
This procedure was duplicated with and without normal mechanical lag damp-
ing. The results obtained are presented in Pigures 46 through 51.

In Figure 46, the steady-state blade motions at u = 0.5 and C /o = 0.06
are shown, followed by the response of the blade to an instantaneous
2-degree increase in collective pitch (8 degrees to 10 degrees). Normal
lag damping is in effect. After three revolutions of the rotor, an addi-
tional 2 degrees of collective pitch is applied (10 degrees to 12 degrees),
and two more rotor revolutions are shown. In Figure 47, the transient re-
sponse to the same inputs of collective pitch and steady-state condition
are shown, the difference in this case being the absence of mechanical lag
damping. Comparison of the fifth transient revolution from each of these
figures reveals no significant difference in “lade motions and no indica-
tion of catastrophic flapping instability. Figure 48 shows the transient
response without lag damping to an instantaneous L-degree increase in
collective pitch (8 degrees to 12 degrees) for the same initial conditions
as Figure 47. After five revolutions, there is still no significant dif-
ference in the flapping motion from that shown in Figure 46. An increase
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of 14% in the maximum lag angle has taken place after the single large
pitch change, compared with that for the two smaller changes. The lagging
amplitude is, nevertheless, decreasing in the fourth and fifth revolutions
after the disturbance. The transient response to a 2-degree increase in
collective pitch (0 degrees to 2 degrees) at x4 = 0.7 was calculated in
a similar munner, starting from a steady-state rotor 1lift condition of
C/o = 0.057. The results obtained without lag damping are shown in
Figure 49. After five revolutions, the flapping amplitude has steadied
out. The lag motion, however, has assumed a high-frequency character
with small amplitude. This response is a result of the excitation of the
second edgevise bending mode which has a frequency of 9.13 cycles per rev-
olution. The final condition investigated was at x4 = 0.3 with a
collective pitch of ©.75R = 11.75 degrees and a steady-state rotor lift
coefficient-solidity ratio of 0.10. At this steady condition, a 4-deg collec-
tive pitch increment was added and subtracted, and the resulting transient re-
sponses were calculated in each case. The results are shown in Figures 50
and 51. In the first case, the flapping and lagging amplitudes steady out
quickly, and their harmonic content remains essentially one per revolution.
In the second case, the motions steady out with amplitudes of only 2.5
degrees in flapping and 1.0 degree in lagging. Neither of these cases
exhibits any instability in blade motion.

For reference, the nominal rotor lift coefficient-solidity ratios were
computed for the final revolutions shown in Figures U6 through 51. 1In
Figures 46, 47, and 49, the final values obtained were C /¢ = 0.10; in
Pigures 48 and 50, the final values were C, /0 = 0.11. In Figure 51,
decreasing collective pitch resulted in a final C /o = 0.03. These
values are in good agreement with the steady-state lift values that would
be expected if the collective pitch increments were applied slowly rather
than instantaneously.

"In Reference 10, a method incorporating only flap and lead-lag degrees of
freedom is used to calculate the blade response to a disturbance. The
predicted blade behavior discussed above is in general qualitative agree-
ment with the results shown in Reference 10. The results of Reference 10
include slowly diverging or converging blade motions following the initial
disturbance. In the present investigation fewer rotor revolutions were
considered than in Reference 10, because of the greater complexity of the
method. Therefore a very slow noncatastrophic divergence or convergence
cannot be definitely detected as such. The results shown in Figure 48 may
fall into this category. Disregarding such tendencies toward gradual
amplitude changes, the present analysis indicates that although rotor dis-
turbances in the form of sudden changes in collective pitch may cause
flepping and lagging motions that are unacceptable practically, such
changes do not induce catastrophic instability. The mechanical viscous
restraint of the lag motion tends to moderate the transient blade response,
but its absence or presence does not affect the conclusion Just stated.

20



_ARTICULATED ROTOR Lp =K, VB
Mcr = Ke B

v

va

74 * SLOPE OF MODE SHAPES
9w* MAGNITUDE OF MODE SHAPES

Figure 1. Mechanism of Flapping or Flatwise Bending
Instability.

21

O



) '0="8",0=04"'21"= Y01'535/)1 4 O£= M ‘G = 06’1 0= 045G =Y
10304 PaIBINOTIAY I03 apn3iTduy Burddsyg uo Buritdnoy Beq JO 3093134

*2 eandr4g
Y'OllVd 3ONVAQY
g1___91 ¥ 21 0ol 8 9 g
Zalil
\\ .La NVL t
0= NVL
V) ON ——
owl—
L 1 |

ol

1g ‘Ol1lvd NOILI3430 dIL WNNIXYN

22




i s et

‘.T

BLADE TIP

DEFLECTION RATIO, ¥y
(-]

0 40 80 120 160 200 240 200 320 380
AZIMUTH ANGLE, ¢y ,DEG
.8
s>
T N\\\NONLINEAR
6 \Y |
- \
i
o
-
- & /f \KunsAn
4 "\
é 2k—t4 \
g 1\
o 0 \\
= \\ !
§ -2 1
3 "N/
= /
. O
90 150 210 270 330 390 450
AZIMUTH ANGLE,y ,DEG
Figure 3. Typical Effect of Centrifugal Spring

Force Nonlinearity on Articulated Rotor
Blade Transient Response; x4 = 1,5, Mg =1.85,Cgp =0,
MIQO' .85, Wg =30 FT/SEC, Tpa =12, Vo =0°% &. P)

23




10 T

08s

0.7

0.6

QVoPBO

0.3

o
[~

TAN 83 =0 r

)
2
&
o

[~

E

TIP DEFLECTION DERIVATIVE, %&
»
S
N

o
N

o 4 8 2 16 20
ADVANCE RATIO, 4

Figure 4. Effect of Advancing Blade Tip Mach

Number on Tip Deflection Derivative;
Mg =1.85,C¢p=0 , Wg =30 FT/SEC,Toa =.12,
Yo 0% 84=0.

2k

24



ik ]

e

O 18 Fi/sEC
O 30rv/sEc

16 A 80 FT/SEC

L

.
N

o0

TAN 83°0

o

1 /l
4BETT

TP DEFLECTION DERIVATIVE
()

L/

4 /]
;| //
2 ’:,/’ji'
0 4 ! : 20 *!'!4

ADVANCE RATIO, s

Figure 5. Effect of Gust Size on Tip Deflection

Derivati

ve for Articulated Rotor; Mg =185,

Crp =0,Mi90=.85,Toa = .12, Yo =0°, 84 = 0.

25




TIP DEFLECTION DERIVATIVE,

4
L1
Mgl
12 3'704[ l .(:s:;uc ROTOR, —{
SEA LEVEL )

10 // //

/
8 //

y
. aw4
/| Q ,/ 0.92

N

4 A
><\\
// \\
-~ maximom 4| |

2 Bre0.26
0 4 ) 12 I8 20 24

ADVANCE RATIO,

Figure 6. Effect of Mass Paramefer on Tip

Deflection Derivative [or Articulated
Rotor; 83 =0°,Cpgp 20,M; g0 =.85,Wg =30
FT/SEC,TO‘ =.I2,¢o =O°,84 0.

26



ddy
d\g

TIP DEFLECTION DERIVATIVE ,

4

N

o

SR SN

et

-4

MAXIMUM

Bt =0.26

i
+
r

~+—

N

/
/is

/
4 i
\\ 05 | 1/
| |

Figure T.

8 12 1.6 20 24
ADVANCE RATIO, u

Effect of Pitch-Flap Coupling on Tip

Deflection Derivative for Articulated
Rotor ;Mg =185, Cgp =O,M|'go =.85,Wg =30
FT/SEC,?OA=.I2,|PO=O°, 84=O.

27



St
e
O

TIP DEFLECTION OERIVATIVE,

1§ e

ot |

(BASIC ROTOR) |
]/ 0.23

) e yte
2 Vel
‘.__J\___..
¢
_/0.77
4 -
7 B
]
4
Lo 4 8 1.2 1.8 20
ADVANCE RATIO, »
Figure 8. Effect of Aerodynamic Root Cutout on

Tip Dellection Derivative for
Articulated Rotor ,Mp 3183, 83:0°Cep20
M) g0 = 85,Wg 330 FT/SEC,y, 20% 8, =0,



TIP DEFLECTION DERIVATIVE, '?T}

4

o

C,l-'o |
— % )
2lg%F l
tnmcl ROTOR)
MAXIMUM
(Fy=026) 08
//
”':- y
4
A N 7_/
-
1 _+
= """a-....‘___
" 8 1.2 16 20

ADVANCE RATIO, s

Figure 9. Effect of Flap Damper on Tip Deflection
Deri{vative for Articulated Rotor;MpsI|8S,
83 :0°%M, 902.85,Wg =30 FT/SEC,Y“I.I&
Vo z0° k.wlo.

29

24




&
o

TIP DEFLECTION DERIVATIVE,

14 —
(BASIC ROTOR)

| 84 -0 AR, SHIR SO

1 |
i |
| ’ ‘ ‘ .
1~ + o —

8
)l
&= MAXIMUM
(8;=0.26)
4
2 | [ —
o 4

ADVANCE RATIO ,

Figure 10. Effect of Pitch-Flap Velocity Coupling
on Tip Deflection Derivative for
Articulated Rotor;Mp =185, 83=0°Cep=0
M, 90 =85,Wg =30 FT/SEC,Toa = .12,
¥o 20°

’

30



d3y
dXe

TIP DEFLECTION DERIVATIVE,

’ /
: /N
10 / / MR "L

/ l( BASIC ROTOR, )

SEA LEVEL

6 // /
_ o \%1' i %gﬁ.A
== - i H,\><H- . A
4
e JAxmum
2r— 171 1T 1 R | 0.26) |
0o 4 .8 1.2 1.6 20
ADVANCE RATIO, u
Figure 1l. Effect of Mass Parameter on Tip

Deflection Deriv ative for Nonarticulated
Rotor; aw' =12, MI 90 =. 85, W =30 FT/SEC,

FOA =.|2, 4’O=O°.

3.



d¥
Ag

TIP DEFLECTION DERIVATIVE,

10

e e
MAXIMUM /
(87=0.26) / T N
6 \ / // ]
| /
(BASIC ROTOR) ‘
Wy, * .12
4 — " | /‘_X
.70
22~ : -
1.44 // | <
Z = 73.74
2.12
0 4 8 1.2 1.6 20 24
ADVANCE RATIO , n
Figure 12. Effect of Frequency Ratio on Tip
Deflection Deri-ative for Non-
articulated Rotor; Mg=1.99,M;90" 85,

wG =30 FT/EC,FM=.|2, w°=0°,

32



16

GEOMETRICALLY SIMILAR BLADE SECTIONS
CONSTANT ROTOR SOLIDITY

14

I 28.6

1

/ 24.4

o

w
2
o=
s
(1 4
W 8 MAXIMUM / / (BASIG ROTOR)
(3r=0.26) /
3 /| y 16.3
’_
§ 6 \ // /;/
T 12 33
u 5‘ / //
a /, 815
- 4 717 <
P
2
0 4 .8 1.2 1.6 20
ADVANCE RATIO, u

Figure 13. Effect of Aspect Ratio on Tip Deflection

Derivative for Nonarticulated Rotor;
M|'90=.85, Ws =30 FT/SEC,?°A=.I2,WQ=0°,
g = ,078.



'92°=48'0:=7Q'C=04"21=Y01°)35/14 OC = OM'GE = 08'!IN'0 990z €@ 0104
PIIBINO}IIY JOJ O]9y IOUBAPY ENEIXPK UOC JI13WRIRY SSS) JO 103333 "l 24ndi4

YN * YILINVUVY SSYN

ov 9¢ 43 9 ve o 9 r4) o.o
R

TIAIT VI8 1V NOLON DISVES

\ S
=, 3
g 3

E

il



—
-

o o > S

MAXIMUM ADVANCE RATIO , mmax
®

—
/,/
/
//
/
4— BASIC ROTOR
0 Jz 4 .6 .8 1.0 1.2 14

PITCH- FLAP COUPLING RATIO, TAN 83

Figure 15.

Effect of Pitch-Flap Coupling on
Maximum Advance Ratio for Articulated
ROtOI‘; MR=|.$, CFD':O,Ml'w =.85,WG= 30
FT/SEC,Toa =12, ,=0°,8,'=0, 8; =.26.

35

1.6



’ ‘92 4@ ‘ 0:"¢ ‘4094 '335/14
O£z %M ‘ce =06 In‘'0= M3 0="¢'co'I="n w..o..hm paIvIN|ILY

J0} O1719)Y IOUBAPY UNEIXWK U0 INOIN) 100y O [wulposay Jo 159333
Vos * 1NOLND LO0OM DINVYNAGOUIV
8 L 9 (4 > (3 r 3 "

‘91 NIy

-

e

Q
XVRyf
‘OlLVY ONWAGY WNNIXYN

.

kU



h. '. °
. u O- OOu ’
‘21=Y93'035/14 05 = M0 =98 'w'0:5Q ‘GO 12 i i o8y PorstRs] sy

103 0139y 3oURAPY EnEIXWN U0 FujdweC derg TEITUWYIL JO 139,37 T aurzig4

dm8)2
333 ONIdWVO dV1d TVOLLIND OL ONIIWVG TVIINVHIIN 40 OILVY
o'l 6 e L 9 '3 v [ 2 ] o
T
WOLO¥ NSVE
1
\\ 3
\\\ — 01
- |
1 |
e w
L Jy

‘OILVY IONVAQY WANIXYIN



N
o

N

|
Q— BASIC ROTOR

MAXIMUM ADVANCE RATIO , pwmax

4
o

4 .8 1.2

PITCH- FLAP VELOCITY RATIO, 384

Figure 18.

Effect of Pitch-Fla) Velocity Coupling
on Maximum Advance Ratio for Articulated
Rotor; Mg =1.85,83=0%Cgp=0,M |’90=.85,
W, =30 FT/SEC,Top=.12, y0=0°% By =.26.

38

1.6



; ‘92 =48'0=¥g 'c0=04‘21'=Y%'935/1406= oM ‘s8 =06y
OuouohOunm f0T3M] SDUBADY UMWIXBl UO J33aweted SSBR JO 308337 ‘6T aandty

Uy ' ¥313IWVHVd SSYN
9¢ 2¢ g2 ¢2 02 9’ Al 8 v 0

syoloy aoisva{ ;/

1 = b
€Ol ="mm ' g3ivinoILNVY O

|
FANERL Q31VINJILYYNON [
T UL L

39

XVN7/  OI1lvd  3ONVAGY  WNWIXVW




MAXIMUM ADVANCE RATIO , Muax

g
'S

N
(o]
|
\

\

=
[
\

)
[

-9

8 12 1.6 20 24 28 3.2 36

40

RATIO OF I’ FLATWISE BZNDING MODE FREQUENCY

TO ROTOR ROTATIONAL FREQUENCY , Uy,

Figure 20. Effect of Frequency Ratio on Maximum
Advance Ratio for Nonarticulated Rotor;
Mgp =199, M 1,90 .85, WG =30 FT/SEC foa=.12,
Yo =0°, 8r=. 26.

Lo



N (7

MASS PARAMETER , MR

o

FREQUENCY
JATIO, @
() (M

()

RATIO , Mmax
®

MAXIMUM ADVANCE
>

T T S
GEOMETRICALLY SIMILAR o]
[ "BLADE SECTIONS P
L~
e /<- BASIC ROTOR
_t
L
™ BASIC__ROTOR
\\
\
\\\ ~T BASIC ROTOR
‘LL\N
-‘\
|
4 8 12 16 20 24 28
BLADE ASPECT RATIO, R
Figure 21. Effect of Blade Aspect Ratio for

Nonarticulated Rotor
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90 =.85,

W =30 FT/SEC,Toa= .12, ¥=0%87=.26,

o = ,078.
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Figure 22. Effect of Gyro Feedbaék on Non-

articulated Blade First Bending Mode
Response During the First Revolution

After an Idealized Gust 75,M 199,
Gy, =112, M, g0° 88, Wy = S0 FI/SECTT 212
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Figure 22.
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Continued.

Figure 33.
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TABLE II. BASIC PROPERTIES OF ROTOR SYSTEM POR FLAPPING OR
BENDING STABILITY STUDIES WITH TME EXTENDED
NORMAL MODE TRANSIENT ANALYSIS
S of
______________
Item Sysbol  Value Units _H
Radius R 31.0 ft
Number of Blades ] b -
Chord c 1.52 9 2
Flatvise Bending Stiffness Ely 1.56x10° 1b-ne?
Edgevise Bending Stiffness Elg 1.53!10. lb-ﬁ.t
Torsional Stiffness J6  2.83x10° 1b-nel?
Mass per Unit Length n .205 slugs/fe
Flap-Lag Hinge Offset . .0339 -
Tip Loss Factor B .98 -
Aerodynamic Root Cutout Toa 12 -
Structural Root Cutout Yos .056 -
Mass Radius of Gyration in
Torsion Divided by Rotor
Radius b .0112 -




TABLE III. ROTOR CONFIGURATIONS FOR FLAPPING OR BENDING
STABILITY STUDIES WITH THE EXTENDED NORMAL
MODE TRANSIENT ANALYSIS
Articulated Ye Control
Configuration or Tan 34 _EL Gyro
Numb~: Nonarticulated Condition
1l Articulated 0.0 0.0 -
2 Nonarticulated - 0.0 Fixed
3 Articulated 1.0 0.0 -
4 Nonarticulated - 0.0 Acting
5 Articulated 0.0 -.06 -
6 Nonarticulated - -.06 Fixed
f Articulated 0.0 -.10 -
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THBLE IV. FLIGHT CONDITIONS FOR FLAPP1iG OR BENDING STABILITY
STUDIES WITH THE EXTENDED NORMAL MODE TRANSIENT ANALYSIS
Condition aRr i Y] w
Number (o ft/sec ¢ Knots tt’lec
1 .50 632 .0L75 188. 30.0
2 .60 593 .0507 210. 30.0
3 1.00 L7s .0633 282. 30.0
4 1.25 L22 .0712 312. 20.0
5 1.50 380 .0788 338. 30.0
6 1.80 339 .0885  361. 30.0
7 1.00 L75 .0729 282. 34,5
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TABLE V. ARTICULATED BLADE ELASTIC MODAL FREQUENCIES

Prequencies-Cycles/Revolution

rt‘; ?ec U'o Yo, w"z Dy “ Y Y
632 1.026 2.65 4L.88 7.96 .226 3.35 8.84 8.59
593 1.026 2.66 L.97 8.18 .226 3.45 9.27 9.1k
U715 1.026 2.7k 5.34 9.11 .225 3.92 11.11 11.39
W22 1.026 2.79 5.59 9.75 .225 L.23 12.30 12.81
380 1.026 2.84 5.86 10.k0 .225 L.56 13.49 14.21
339 1.026 2.91 6.20 1..22 .225 4L.98 14.96 15.91

TABLE VI. NONARTICULATED BLADE ELASTIC MODAL FREQUENCIES

ar Frequencies-Cycles/Revolutions
re/sec ™ “up “uy Vug v v o

632 1.05 2.73 5.03 8.11 .686 L.06 8.59
593 1.06 2.76 5.1k 8.36 .T15 L. 24 9.14
k75 1.08 2.89 5.63 9.k4 .836 L.98 11.39
k22 1.09 2.98 5.97 10.17 .913 5.46 12.81
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CONCLUBIONS

The response of *he rotor blade in flapring or flatwise bending is
essentially proportional to the size of a gust disturbance, provided
the rotor response does not exceed the conventional fuselage clear-

ance requirementu.

The single-degrce-of-freedom flapping analysis used in this part of
the investigation generally provides approximate results suitable for
preliminary design studies, as verified by comparison with more elab-
orate analyses. For advance ratios beyond unity and for center-of-
gravity offsets beyond 6% chord, participation of other modal dis-
placements, principally lead-lag or edgevise and torsion, may make
the single-degree-of-freedom analysis inaccurate.

Blade mass parameter and pitch-flap coupling are the most important
parameters affecting flapping or flatwise bending stability.

Nonarticulated and articulated conventional blades behave in the same

qualitative fashion with respect to flapping response below advance
ratios of unity. The articulated blade response is somevhat smaller
than the nonarticulated blade response for the same stiffness.

Normal Mode Transient Analysis calculations shoved that sufficiently
large control increments under heavy rotor loads at high speed could
produce impractically large flapping and lead-lag excursions, but no
catastrophic instability. This same result was obtained for a pumber
of different flight conditions of a typica. rotor both with and with-
out mechanical lag damping.
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1.

3.

RECOMMENDATIONS

The single-degree-of-freedom flapping analysis appears to be quite
sdequate through advance ratios of unity and chordvise aft center-of-
gravity offsets up to 6% with respect to the 25§ chord and elastic
axis. In order to extend this range of usefulness, a three-degree-
of-freedom analysis incorporating flapping or flatwise bending, lead-
lag or edgevise motion, and torsion is suggested.

The flapping or flatwise bending response to control inputs should
be investigated; a procedure similar to that used in this report for
gust response could be used. Then, a corresponding set of practical
operating boundaries should be generated and compared with the gust
boundaries.

The effects of fuselage motions and control corrections on flapping
or flatvise bending response should be investigated.

The flapping or flatvise bending response of typical rotors to more
realistic isolated and statistical gust representations should be
investigated.

The existence of a coupled flapping and lagging >atastrophic insta-
bility vas not detected with the Normal Mode Transient Analysis for
the cases considered. In order to determine if & range of parameters
exists for vhich this instability can be predicted, further analysis
is suggested. The flapping and lagging response to various control
or gust excitations should be calculated. The effect of excluding
nonlinear aerodynamic and dynamic terms as vell as various rotor
blade degrees of freedom should be systematically determined.
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