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HELICOPTER VIBRATION REDUCTION
WITH HIGHER HARMONIC BLADE PITCH

Frank J. McRugh and Jehn Shaw
Boeing Vertol Company

Abstract

A wind-~tunnel test supported by theoretical
analysis has been used to evaluate higher harmonic
blade pitch for the reduction of helicopter vibra-
tion. This investigation focuses on the hingeless
rotor and is a continuation of work reported pre-
vicusly. The new results are the first obtained
for higher harmonic pitch on a hingeless rotor at
close to full-scale tip speed, with blade dynamic
characteristics properly modeled. This was also
the first successful exploration of vikbratory hub-
moment reduction using higher harmonic pitch on a
fully instrumented model.

Results of this testing were very favorable.
The higher harmonic pitch was found to be easily
adjustable for the desired reductions in vibratory
hub loads. All hub-load compeonents--forces and
moments-~could be reduced simultaneously using
higher harmonic inputs to the swashplate. There -
were no significant penalties in blade flap-Pend—
ing loads or performance. Pitch amplitudes
necessary to eliminate vibratory hub moments
were in the practical range, although beyond the
current capability of the model. Testing at
varicus flight conditions showed that higher
harmonic amplitude and phase requirements change
significantly with speed. It appears, as ex-
pected, that in-flight adjustment of these
parameters will be reguired.

Notation
.
Harmonic waveforms are described in this
paper according to the following convention. BAn
n/rev variation of a parameter x is written as

xn(w) = Ian cos (ny - ¢n),

in which Ixn} = harmonic amplitude
¢n = harmonic phase
il = blade azimuth
n = harmonic number

The abbreviated notation Aéé is used in refer-
ring te a harmonic waveform of amplitude A and
phase ¢.

Cther notation follows.

b number of blades

CT rotor thrust coefficient, T/p (RR)Z wr?

Copies of this paper are available from the
Technical Library, Boeing Vertol Company, Box
16858, Philadelphia, Pennsylvania, 19142, USA,

< hlade chord, m (£t}

3 rotor diameter, m (ft)

MB flap~kending moment, n-m {(in.-1b)

q dynamic pressure, pv2/2,n/m2 {1b/ft2)
R rotor radius, m (£t}

T blade element radius, m (ft)

\Y flight speed, m/sec (ft/sec)

X rotor propulsive force, n (1b)
R rotor shaft angle, degrees

8 blade pitch angle, degrees

u rotor advance ratio, V cos us/QR

p air density, kg/m3 {slug/fts)

I} rotor solidity, be/wR

113 rotor shaft speed, rad/sec
Subscripts

c cosine component

s sine component

1. Intreduction

Higher harmonic blade pitch has long been an
attractive but undeveloped approach to the reduction
of vibratory rotor loads and the resultant airframe
vibration. The concept is straightforward. Most
helicepter vibration originates in the nonuniform
velocity distribution encountered by the rotor blades
as they travel around the azimuth. This nonuniform
distribution is due to the constantly changing orien-
taticn of the blades relative to the direction of
flight and the irregular vortex wake beneath the
rotor. The resulting variation of blade angle of
attack with azimuth contains every harmonic of rotor
shaft speed. Only certain harmonics, however, cause
vibratery loads which are transmitted to the fuselage.
Many harmonics produce loads on the various blades
which cancel each other completely in combining at
the hub. Higher harmconic blade pitch, superimposed
on the conventional zero and one~per-rev blade pitch
control, is a means of selectively controlling the
harmonics of angle of attack which do produce
vibration.

Wind-tunnel teﬁgs, a short flight test, and
theoretical studies!™® have been conducted to eval-
uate this concept. The coverall conclusion has heen
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that higher harmonic pitch has significant promise
for vibration reduction. However, there are poten-~
tially complex tradeoffs to be evaluated and managed
among the various vibratory hub-~load components, as
well as blade fatigue loads and rotor performance.
The tradecffs depend directly on the characteristics
of the type of rotor--articulated, teetering, or
hingeless--and the detailed dynamic characteristics
of the particular rotor {egpecially the placement of
the blade modal frequencies relative to the harmon-
ics of shaft speed).

The investigation reported here extends the
testing and analysis of the hingeless rotor. This
rotor is distinguished by the fact that hub monments
(as well as hub forces) are significant contributors
to vibration, $0 that vibration treatment must deal
with the vibratory hub moments.

Two previous studies of higher harmonic pitch
on hingeless rotors have been performed, both of
which involved wind-tunnel testing., The first of
these® was limited because model hardware restricted
the testing to very low tip speed (8l m/sec or 200
ft/sec) where the biade modal frequencies were not
realistic, and because only blade-~root loads were
measured.
and rotor performance were not available. The
second study of hingeless rotors? included testing
of a fully imnstrumented model at higher tip speed
{98 m/sec or 320 ft/sec) where the modal frequencies
were somewhat more realistic., (w,./f, for example,
was improved from 6,3/rev in Reference 6 to 3.5/rev
in Reference %.) That testing principally involved
the reduction of vertical vibratory hub loads, how-
ever, and only briefly addressed the reduction of
vibratory hub moments. Despite their limitations,
both studies were very encouraging and they stimu-
lated the more extensive testing and analysis re-
ported in this paper.

2. Current Wind-Tunnel Testing

Overview

Additional testing of the wind-tunnel model of
Reference 9 was conducted in mid-1976 in the 6.1- by
6.1-m (20~ by 20-foot) test section of the Boeing
V/STOL wind tunnel., This testing further explored
the use of 4/rev swashplate inputs to reduce 4/rev
vibratory hub loads of a four-bladed hingeless
rotor. The testing was conducted at nearly full-
scale tip speed (175 m/sec or 575 ft/sec) with
realistic placement of blade modal frequencies.

The model was fully instrumented. Three-per-rév,
4/rev, and 5/rev blade pitch were obtained indi-
vidually with a range of amplitudes and phases,

by shaking and whirling the swashplate at 4/rev.
Testing was conducted at three advance ratios

and two thrust coefficients in trimmed level
flight. Using sensitivities detexmined from this
testing, cembinations of 3/rev, 4/rev, and 5/rev
pitch were then applied in a single trim condition
to obtain simultanecus reductions in all components
of measured 4/rev hub lcads,

Vibratory hub lecads, outboard-blade lcads,

Model Roter

The mode] rotor, shown in Figure 1 as it was
installed in the wind tunnel, is a 3.05-m (l0-foot)=-
diameter, four-bladed, soft-in~plane hingeless rotor.
The airfoil is the lZ-percent VR-7 to 75 percent of
the blade radius, tapered in thickness to the 6-
percent VR-9 at the tip. The blades are dynamically
scaled to an early version of the fullwscale Model
179 hingeless-~rotor helicopter developed by the
Boeing Vertol Company. The blade modal-frequency
map is shown in Figure 2.

Figure 1. Model Rotor Installed in Wind Tunnel
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Control System

Model shaft speed, shaft angle, and blade pitch
were contreolled remotely. Blade pitch was controlled
by a swashplate positioned by hydraulic actuators.
The actuators were driven electrically by commands of
conventional collective and ¢yclic pitch, to which
higher harmonic signals could be added. That is,
n/rev collective (swashplate vertical shaking), n/rev
lengitudinal cyclic {swashplate rocking about one
nonrotating axis), and n/rev lateral cyclic (swash-
plate rocking about ancther nonrotating axis perpen-
dicular to the first) could be superimposed on the
normal swashplate positioning. Three n/rev signals
of independently controlled amplitude and phase
{timing relative to the azimuthal position of a
reference blade) were available for input to the
collective, longitudinal cyelic, and lateral cyclic
control channels., For example, one 4/rev signal
could be applied to the collective channel for 4/rev
vertical shaking of the swashplate while another
4/rev signal of different amplitude and phase wasg
applied to the longitudinal c¢yclic channel for 4/rev
rocking of the swashplate, and a third 4/rev signal
of still different amplitude and phase could be ap-
plied to the lateral c¢yclic channel for 4/rev rocking
of the swashplate about the other axis.

Control Inputs for 3/Rev and 53/Rev Pitch

The trigonometric relationship between swash-
plate angle and blade pitch can be used to show that
4/rev rocking of the swashplate about one axis pro-
duces a combination of 3/rev and 5/rev blade pitch
variations. If the swashplate is rocked about two
perpendicular axes simultanecusly, with equal ampli-
tude but 90 degrees phase difference (which amounts
to whirling the swashplate at 4/rev}, the same
trigonometry shows that pure 3/rev or pure 5/rev
pitch will be produced, depending on the sign of the
90-degree phase difference. That is, if the swash-
plate is whirled at 4/rev in the same direction as
the shaft turns, 3/rev pitch will be produced,
whereas whirling in the direction cpposite that of
the shaft produces 5/rev pitch. Both 3/rev and
5/rev pitch were obtained in this manner during the
testing; 4/rev pitch was also obtained by vertical
swashplate shaking.

Contrel Limitations on Model Operatiocn

The sinuscoidal output capability eof hydraulic
actuators decreases rapidly with frequency as a
result of valve flow-rate limitastions. Such limita-
tions placed serious rpm constraints on earlier
testing PngramSG'S. For this test, simple improve-
ments to the hydraulic system were made to permit
testing at much higher rpm. Adeguate 4/rev swash-
plate amplitudes were obtained up to a tip speed of
175 m/sec (575 ft/sec}, where blade modal freguencies
are much more typical of full-scale designs. For
future testing, further model improvements will be
made for testing at still higher rpm. (Full-scale
application of higher harmonic¢c pitch can similarly
be achieved by straightforward control system
modifications.)

As shown hy Figure 2, testing at a tip speed
of 175 m/sec {575 ft/sec} placed the blade modal

frequancies in or close to the normal design range.

The test results thus apply to a dynamically realistic

rotor configuration.
Instrumentation

The model was fully instrumented to measure
steady and high-freguency values of swashplate posi-
tion, blade-root pitch, blade loads at various span-
wise stations, total model loads, and shaft torgue.
Blade instrumentation included the following gages:

e Flap-~bending moment at r/R =
0.64, 0.68, 0.85

0.11, 0.16, 0.36,

e Chord-bending moment at r/R = 0.1l
# Torsional moment at r/R = 0,18, 0.41, 0.69, 0.87

Total model loads were measured by a strain-
gage balance in the nonrotating system below the
control actuators. In this position, the balance
was sensitive to swashplate inertial loads. Since
the swashplate weight and inertia about a diameter
were not scaled like the rotor, proper consideration
of the data reguired subtraction of the excess
swashplate inertial loads from the higher harmonic
balance loads. This correction was applied to all
hub loads derived from balance measurements.

3. Test Conditions and Procedure

In each of the conditions shown in Figure 3,
the rotor was trimmed to zero steady hub nmoment and
propulsive-force ceoefficient x/qdzc = 0.10, repre-
sentative of steady level flight. As illustrated in
Figure 4, the rotor was controlled by setting the
collective and cyelic controls for thrust and trim,
then adding higher harmonic pitch for vibration
reducticn. Three-per-rev, 4/rev, and 5/rev pitch
were applied individually. Each harmonic was ap-
plied first at a fixed amplitude while data points
were taken for eight different phases from 0 to 3860
degrees. For example, a data point was taken for

8, = 0.2 cos 4¢ (degrees),

then for 6, = 0.2 cos (4yp-457),

and for 8, = 0.2 cos (4yp~9C"),

and so on. The phase was then set at the value
shown by the data to be most favorable for reduc-
tion of a selected vibratory hub-load component,
and data points were taken for various amplitudes
from zero to the maximum available. For example,
if jinterpolation indicated that a favorable phase
was 70 degrees, data points were taken for:

B, = 0.05 cos (4y-707),
6, = 0.20 cos {4y-70%),
g, = 0.15 cos {4¢-70%),
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As mentioned earliex, one ¢f the trim condi-
tions, p = 0.30 and C_/0 = 0,06, was selected for
simultanecus applicaticn of 3/rev, 4/rev, and 5/rev
pitch to demonstrate superposition of the effects.
The goal here was to demonstrate simultanecus
reduction of all the vibratory hub-load components.

4, Tests Confirm That Blade Moments
and Hub Loads Change Nearly
Linearly With Harmonic Control Inputs

Test results confirwmed the approximate linear-
ity of higher harmonic pitch effects which was ex-
pected on the basis of earlier investigations.

Figure 5, for example, presents the effects of 5/rev
pitch on 5/rev blade-root flap-bending moment.

(This bending moment is a direct contributor to the
4/rev vibratory hub moments.) The 5/rev bending
moments £or various pitch amplitudes and phases are
plotted in polar format, each data point represent-
ing the amplitude and phase of a measured 5/rev
bending-moment component. The data points form a

distinct patterni an elliptical grouping
surrounding a central point @ ; with a somewhat
radial line @ connecting the twoe. The central
point @ is the 5/rev flap bending measured with
no harmonic pitch applied. The cuter points

represent the 5/rev flap bending measured with a
5/rev pitch input of constant amplitude applied
with wvarious phases, which are noted beside the

individual points. The points on the line @

emanating from the central peoint represent the
5/rev flap bending measured with a 5/rev pitch
input cf constant phase applied with variocus
amplitudes, which are noted beside the individual
points.

oo BIAEY PITCH AMPLITUDE = 0.21 DEGREE, PHASES NOTED
——— 5/REV PiTCH PHASE © 70 DEGREES; AMPLITUDES NQTED

180°
338°
2037 \ \
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L2

1
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5 10
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2450 INALB |
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MOMENT AMPLITUDE
B BASIC — NO

§ HIGHER HARMONIC
/ PITCH

270°

S/AEV BLADE-
PITCH AMPLITUDE
=0.14 DEGREE

T srREv BLADE.

PITCH PHASE N
< 117 DEGREES|
hrs 5/REV BENDING-
MOMENT PHASE
Figure 5. 5/Rev Flap-Bending Moment at »/R = 0.11
for 5/Rev Blade-Pitch Inputs of Various
Amplitudes and Phases at p = 0.3 and
CT/cr = 0.06

It ¢can be observed that all the points in
Figure 5, other than the central point ®, are

obtained from fhe central point by adding an
incremental flap-bending vector which is almost
linearly dependent on the 5/rev pitch input., The

points in the elliptical grouping , for example,

are obtained by adding an incremental vector whose
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length is about 0.9 n-m (8 in.-1b) for input phases
of 65 or 245 degrees, about 1.4 n-m (12.5 in.-1b)
for input phases of 145 or 325 degrees and a weight-
ed average of these two lengths for phases in be-
tween, The direction of the incremental vector
varies smoothly with the input phase, and a sweep

of the input phase from 0 to 360 degrees swings the
incremental vector in a complete circle around the

baseline point. The points on the line (:) emanat~
ing from point (:), on the other hand, are obtained

by adding an incremental vector whose direction is
relatively constant (like the phase of the 5/rev
pltch input}, and whose length is approximately pro-
portional to the 5/rev input amplitude. Character-
istics such as these are described by a linear egua-
tion of the form,

] a a 8
Mo Mese 11 "1z 5¢

= + .

g
MBSS @

1)
M

BSs 21 %22 55

BASIC

{Cosine conponents in equation 1 correspond to vec-—
tor components in the O~degree phase direction in
Figure 5, while sine components correspond to vec-—
tor components in the 270-degree phase direction,
in keeping with the phase convention established

at the beginning of this paper.)

The grouping of Figure 5 is elliptical

because, as the phase of the harmonic pitch input
changes, the orientation of the harmonic pitch
waveform changes relative to the forwara-flight
velocity and the vortex wake beneath the rotor
disk. For some input phase in particular {143
degrees in Figure 5), the harmonic pitch effects
add to the local velocity effects tc produce

the largest incremental loads and the largest
incremental moment vector. At the opposite phase
(180 degrees different), the interaction is also
strong but exactly opposite, producing an alw~
most egqually long incremental moment vector in
the opposite direction. And for some inter-
mediate input phase and the phase exactly oppo-
site to it (65 and 245 degrees in Figure 5), the
interaction is weakest, producing the shortest
incremental moment vectors.

In hover, the local wind velocities are con~
stant with azimuth, so the length of the incre-
mental vector is independent of the input pitch

phase; thus the grouping () ig circular. This

is confirmed by tesgt data. In this case, the aii
matrix takes the familiar form,

a a K cos ¥y ¥ sin v

= (2}

-K gin v K cos v

In equation 2, K is the ratio of the ampli-
tude of the incremental bending vector to the
amplitude of the pitch input, and vy is the differ-~

ence between the direction of the incremental
vector and the phase of the pitch input.

Given the linear characteristics confirmed
by Figure 5, it is clear that the 5/rev pitch
amplitude and phase can be adjusted for complete
elimination of the 5/rev root flap-bending
moment. Interpolation of the rigure 5 data indi-
cates that 0.15 degree amplitude is required at
300 degrees phase., It is also clear that the 5/rev
pitch input c¢ould be adjusted for approximate
elimination of the 5/rev root moment after measur-
ing the effects of two trial 5/rev pitch inputs at
different phases. Such measurements would permit
the calculation of the ai. elenents of equation 1,
which ¢ould then be inverted to obtain the reguired
5/rev pitch cosine and sine components.

It can also be noted that the 5/rev pitch
input could easily be adjusted to reducé the
5/rev root moment on the basis of & single trial
input. This is because the elliptical grouping

of Figure 5 is not extremely eccentric and can

be roughly approximated by a circle. A single
trial pitch input would establish a matrix a,,
in the form of eguation 2 which would coxr-
respond to some circular approximation to the

grouping . In simpler terms, a trial input

would establish an approximate ratio (X) between
the input harmonic pitch amplitude and the length
of the incremental moment vector, and an approxi-
mate phase difference (y}) between the input phase
and the direction of the incremental moment vec-—
tor. Thus, when a trial incremental vector was
measured, the input phase could be changed by
exactly the amount of angular rotation required
to point the trial vector at the origin {(the zero
bending-moment point), and the input amplitude
could be multiplied by the scale factor reguired
to make the trial vector exactly reach the origin.
These simple adjustments would be totally success-

ful if the grouping were perfectly circular.

Since it is not too far from circular, the simple
adjustments would accomplish some reduction in
most cases.

The test data showed that the approximate
linearity of higher harmonic pitch effects seen
in Figure 5 is also characteristic of all the
other blade loads. Furthermore, it is character-
istic of blade-load components at other harmonics.
For example, a diagram like Figure 5 can be drawn
for the effects of 5/rev blade pitch on 3/rev root
chord bending. Similaxr diagrams can also be drawn
for the effects of the cother higher harmonics of
pitch, 3/rev and 4/rev,

In view of the approximately linear dependence
of all the blade loads on the higher harmonic pitch
inputs, the vibratory hub lcads must also show an
approximate linear dependence. This was confirmed
by the test data, an example of which is shown in
Figure 6. This diagram, in the same format as
Figure 5, shows the effects of higher harmonic
klade pitch on 4/rev hub-pitching moment obtained
from strain-gage balance measurements.
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Figure 6, 4/Rev Hub Pitching Moment for 5/Rev

Blade-Pitch Inputs of Various Amplitudes
and Phases at u = 0.3 and CT/U = 0.06

5, Tests Show Small Effects on
Rotor Performance

The effects of higher harmonic pitch on
rotor performance were found to be guite small
for all amplitudes and phases tested, amounting
to ne more than several percent in I/D , the lift-
to-effective drag ratio. The changes vere
frequently small improvements. Since some scatter
was present in the data, however, quantitative
conclusions are suspended until a larger data
base beccomes available from further testing. In
any case, no major performance penalties are
expected,

{Substantial performance gains were demon-—
strated in the Reference 9 testing using 2/rev
blade pitch, put such effects were not the cbliect
of the c¢urrent investigation.)

6. Blade Response Data Has
Expected Characteristics

The blade~loads data confirms a fundamental
expectation about blade response tc higher har-
menic pitch, namely that the response principally
invelves the modes whose frequencies are closest
te the applied pitch harmonics. Figures 7 and 8,
for example, show the effects of 3/rev and 5/rev
pitch on the flap-bending and torsional-moment
distributions along the blade., Plotted here are
the changes in blade loads relative to baseline
values; that is, the lengths of the incremental
blade-load vectors described in the preceding
section. The incremental vectors are found to
have generally the same phase, or 180 degrees
different phase, all along the span, so that the

amplitudes alone, plotted positive or negative
(for 180 degrees cut of phase), convey most of
the information.
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Figures 7 and 8 show that the incremental
flap-bending response to 3/rev pitch is pre-
dominantly in the second flap meode, while the
response to 5/rev pitch is predominantly in the
third flap mode. The figures also show that
the torsional response to 5/rev pitch is much
larger than that resulting from 3/rev pitch.

This is expected because of the greater proximity
of the first torsion mode to 5/rev. The magnitude
of the torsional loads indicates that at S/rev
the blade-tip pitching amplitude is approximately
four times the amplitude input at the root,
whereas at 3/rev the tip and root amplitudes are
approximately the same.
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7. Theoretical Predictions Agree
With Blade Data

Correlation of the incremental flap-bending
and torsional-moment response to 5/rev pitch, as
measured and as predicted by the Boeing Vertol
Rotor Loads Program €-60, is shown in Figure $.
Program C-60 is a coupled flap-torsion, uncoupled
lag analysis which employs a lumped-parameter
blade mcdel with 20 spanwise blade sections to
represent nonuniform distributions of mass and
inertia, elastic properties, and gecmetric charac-
teristies, The aerodynamics are fully nonlinear,
and the nonuniform-downwash distribution is cal-
culated by integrating the effects of a spiral
vortex wake. Solutions are obtained by an itera-
tive approach which yields a consistent set of
downwast, airloads, and biade deflections, taking
account of all the significant physical non-
linearities.
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Data VersusoTheoEFtical Prediction
(6 = 0,216 /~22" at y = 0.3 and
CT/G = 0.06)

The correlation in flap kending is excellent.
predicted torsional-load changes are conservative
by 25 percent since the mathematical model places
the torsion mode slightly too close to 5/rev.

In general, such correlation increases confidence
in the guality of the test data as well as in the
theoretical methods.

8. Consistency of Blade and Balance Data

Data consistency was checked in the following
way. Four-per-rev hub moments were calculated
from the 4/rev balance loads, including a correcs
tion for the swashplate inertial loads. Then the
same 4/rev hub moments were calculated from the
4/rev blade-root flap-bending moments, whose
accuracy was supported by the theoretical predic-
tions, Results of the two methods were in close
agreement for data points with no higher harmonic
pitch, that is, with no swashplate shaking. The
results differed distinctly, however, when higher
harmonic pitch was applied, The difference was
such that the incremental 4/rev hub moments cal-
culated from balance measurements were related to
those calculated from blade measurements by an
approximately constant-amplitude ratio and phase
gifference for groups of data points taken at the
game trim condition. The amplitude ratio and
phase difference varied, however, between pitch
moments and roll moments and as trim condition
was changed, with no apparent pattern.

Hub-moment predictions of Program C~60 gen-
erally agree with the calculations made from blade
loads, This would be expected because Program
C-60 corroborates the measured blade loads them-
selves. Figure 10 compares results of the two
hub-moment calculation methods with the correspond-
ing C-60 prediction for a typical data point.

5 Nm FT-L8
=
" ]
z NOTE LARGE e 92318
2 4L 6 - PHASE DISCREPANCY
=z = ~65%
w
g = ~100°
£ 6
o ‘ F
3
-
€ 4t
=
73
¥ 2
L
52 -
0w
[a}
puie ]
[
Zo L
S THEGRETICAL CALCULATED CALCULATED
PREDICTION FROM FROM

BLADE LOADS BALANCE LOADS

Figure 10, Comparison of 4/Rev Hub Rolling~
Moment Changes Calculated by Two
Methods W%}h Prggram C-60 Prediction
(65 = 0.177/~125" at 1 = 0.2 and

CTIO = 0.06)
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The most likely explanation feor the discrep-
ancy in the balance-derived hub loads is that the
redundant contrcl actuators were not perfectly
synchronized, causing them to oppose each other
and apply spurious reactive lcads to the balance.
Such small desynchronization would certainly have
had different results along different axes of the
balance, and ¢ould have changed slightly as the
harmonic signal generator was turned off and on,
which would account for different results among
different trim conditions,

As a result of this finding, much more care-
ful attention will be given to actuator synchroni-
zation and the entire question of balance-load
accuracy in future testing. The balance loads
measured in this test, because of the consistency
within groups of data peints, are simply considered
illustrative of certain gualitative trends when
used appropriately.

9. The Potential Tradeoff Between
Blade Loads and Hub lLoads

Earlier investigations have revealed that in
some applications of the higher harmonic pitch
concept, adjustment of the amplitude and phase of
the higher harmonic input to achieve hub-load
reduction causes significant increases in blade-
bending loads., The physical explanation is dis-
cussed at length in Reference 3; the problem, arises
because higher harmonic pitch reduces a harmonic
hub load resulting from airloads in one spanwise
distribution by cancelling it with an opposing hub
load produced by incremental airloads in a different
spanwise distribution; that is, cancellation of
loads at the root of the blade can be accompanied
by increase of loads on the rest of the blade be-
cause the incremental loads used for the cancella-
tion are not necessarily distributed aleng the
span in the same way as the basic loads. The loads
involved are not only aercdynamic; there are basic
and incremental inertial leads as well, associated
with blade harmcnic motion. It is the distribution
of total loads--aerodynamic plus inertial--which
establishes the relationship between the hub-lead
and blade-load effects of higher harmonic pitch.

McCloud and Kretz®+’ have described an excel-
lent systematic approach to dealing with hub-load/
blade-load tradeoffs which minimizes a weighted
average of wvaricus hub+ and blade-load parameters.
McCloud” explored the tradeoffs and demonstrated
the approach analytically for an articulated rotor.
The hingeless rotor has not been investigated from
this viewpoint, however, except for the limited
consideration in Reference 9.

The desire to aveid tradeoffs entirely has led
te some consideration of partial spanwise harmonic
pitch, in contrast to higher harmonic pitch applied
toe the entire blade. Various amounts of spanwise
shaping of the incremental harmonic lecads can be
conceived, each with its own price in both hard-
ware and control complexity. The most desirable
spanwise shaping would vary with trim and maneuver
condition, since the spanwise distribution of the
basic vibratory loads varies with these conditions.

Fixed or wvariable spanwise shaping of the
higher harmonic pitch input could be mechanically
simpler if it were achieved by flap or tab devices,
or by aercdynamic methods of lift control involving
blowing, rather than by pitching of independent
blade elements, All approaches are somewhat com-~
plex at best, however, so it is of great interest
to explore the hub-load/blade-~load tradecffs for
a particular rotor, with the hope that simple
methods of harmonic pitch application will be
successful.

10, Pertinent Characteristics of
Hingeless Rotors

There is one blade dynamic feature which
tends to reduce the need for spanwise shaping of
the higher harmonic pitch input. This is heavy
involvement of a single blade-bending mode in the
response¢ to the higher harmeonic input, as well as
in the response to the basic airleads at that
harmonic. Such involvement first tends to make
the inertial leoads predominate over the aerodynamic
loads, both basic and incremental. Then, since
the same mode is invelved in the basic blade motion
and the incremental blade motion, the basic and
incremental load distributions tend to be similar.

A four-bladed hingeless rotor has advantages
in this respect. Four-per-rev hub moments are
important targets for wvibratory load reduction, and
these arise from 3/rev and 5/rev blade flapwise
bending; the secend flap-bending mode is usually
heavily invelved in 3/rev blade flap bending, while
the third flap-bending mode is heavily invoelved in
S/rev blade flap bending, as shown in Section 6.
This gives encouragement that the hingeless rotor
will not experience serious increases of outbeard
flap-bending moments as a side effect of 4/rev hub-
moment reduction by higher harmonic pitch applied
at the blade root. In fact, this favorable axpec-
tation was confirmed for the model rotor at every
trim condition shown in Figure 3, as described in
the following section.

1i. Test Data Indicates Hub Moments Can
Be Reduced Without Blade-Load Penalty

Typical examples of blade bending-moment dis-
tributions on the model rotor are shown in Figures
11 and 12, which apply to transition flight at
¥ = 0.1 and C_/o = (.06, The figures compare the
distributions of the basic flap-bending moments
and the incremental flap~bending moments for har-
monic inputs of favorable phase at both 3/rev and
5/rev. For the bottom third of each figure, the
incremental distributions were scaled (i.e., the
test data was linearly interpolated or extrapo-
lated) in the amount necessary to achieve perfect
cancellation of the harmonic loads at the blade
roct and added teo the basic distributions. This
yielded the residual spanwise moment distributions
that would accompany complete elimination of 4/rev
hub moments, ¥igure 11 shows that the 3/rev dis-
tributions are fairly well matched; perfect cancel-
lation of the 3/rev root flap-bending moment is
accompanied by a small increase, about 7 percent,
in the maximum outboard 3/rev flap~bending moment.
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rigure 12 shows that the 5/rev distributions are
not matched as well because the basic moment
distribution contains a peak near the blade tip
in addition to the third mode-bending shape.
Such peaks are characteristic results of the
highly irregular transition downwash distribu-
tionn, As a result of this lrregularity, Figure
12 shows that perfect cancellation of the 5/rev
root flap-bending moment is accompanied by a
19-percent increase in the 5/rev peak near the
tip. Neither the 3/rev nor the 5/rev bending
moments are a predominant part of the total
vibratory moments, however, so the effect on

the total is small. TFigure 13 shows, in fact,
that simultaneous cancellation of both the 3/rev
and 5/rev root flap-bending lcads (i.e., total
elimination of 4/rev hub moments) increases the
maximun outboard vibratory flap-bending moment
by only 2 percent. Comparable results were
obtained in every trim condition tested.
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Figure 13. FEffect of 4/Rev Hub~Moment Elimination
on Total Flap-Bending Fatigue Loads at
= 0.1 and C_fo = 0.06
T
2
12. Calculated Inputs for Vihratory
Hub-Moment Reduction Versus Flight Speed
An important concern in the application of
higher harmonic pitch for vibration reduction is
the extent to which the reguired inputs vary with
flight condition. “This characteristic will deter-
mine the complexity of the control system needed
for in-flight adjustment of the pitch amplitude

and phase. The test data permits an initial evalu-
ation for the case of hub-moment reduction on the
four-bladed hingeless rotor,

As noted in Section 11, distributions like
those of Figures 11 and 12 were prepared for every
trim conditien tested. The 3/rev and 5/rev pitch
amplitude and phase required for perfect cancella-
tion of the blade-root moment at the same harmonic
could be calculated from the amount by which it was
necessary to scale and adjust the phase of the
root-moment increment obtained from the trial input.
Such linear interpolation and extrapclation of the
data has its limitations, of course, but the results
are accurate on the basis of the relatively linear

characteristics shown in Figure 5.
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Figures 14 and 15 show the amplitude and phase
of 3/rev and 5/rev pitch required to complietely
eliminate the 3/rev and 5/rev blade-root flap-
bending moments (and thus the 4/rev vibratory hub
moments) at three advance ratios. It should be
noted that these requirements were determined
independently for each harmonic; they are there-
fore somewhat inaccurate because they ignore
the small effect that 5/rev pitch has on 3/rev
icads, changing the 3/rev pitch requirement,
and vice versa. The 3/rev pitch, being consider-
ably larger, will have greater effects on 5/rev
joads than the 5/rev input will have on the 3/rev
loads. For this reason the 3/rev reguirement is
probably quite dependable, the $/rev much less
so., Nevertheless, the results are instructive
and indicative of certain basic features of the
in-flight adjustment reguirement.

180°

N\
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90
1.0 2.0
: y
.

3/REV PITCH
0° PHASE

Effect of Advance Ratio in Trimmed
Level Flight on 3/Rev Pitch Required
to Eliminate 3/Rev Root Flap-Bending
Moment

Figure 14,

Figures 14 and 15 show first that the 3/xev
pitch reguirement is an order of magnitude larger
than the 5/rev pitch requirement. This is funda-
mentally due o the much larger size of the 3/rev
baseline loads. It suggests, in fact, that the
S/rev regquirement could be ignored in many cases
to achieve a simpler system with results nearly
as favorable.,

The figures alsc show that the amplitudes of
the 3/rev and 5/rev pitch reguirements decrease
from transition (y = C.1) to moderate speed (p =
0,15 or 0.20), then rise again as speed increases.
At the same time, there is a 90~degree shift in
both the 3/rev and 5/rev phase requirements be-
tween transition and high speed. The data shows
that the amplitude and phase trends shown in the

figure are predominantly due to trends in the
basic 3/rev and 5/rev leoads; the incremental loads
per unit of higher harmonic pitch input do vary
with speed, but less so than the basic loads.
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|\
-
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Figure 15, Effect of Advance Ratio in Trimmed

lL.evel Flight on 5/Rev Pitch Required
to Eliminate 5/Rev Root Flap-Bending
Moment

The substantial wvariation cf the reguired
inputs with f£light speed permits an initial con~
clusion about in-flight adjustment. Adjustment
of both amplitude and phase will be necessary.

An adjustment system which, for simplification,
left either of these parameters constant at some
compromise value in all cenditions could f£ail to
improve vibration, or even make it worse, in cer-
tain important flight regimes. Fixing 3/rev phase
at the ideal for high-speed improvement, for
example, would cause an inaccuracy of approximately
80 degrees in transition; this would degrade tran-
sition vibration. More investigation of the higher
harmonic requirements as they vary with trim and
maneuver is clearly reguired, however, for design
of an adeguate and efficient in-flight adjustment
mechanism. Open-loop and closed-loop systems are
both viewed as possibilities, each having its own
advantages and problems.

13. Combined Harmonic Inputs Reduce
All Hub-Load Components

In testing higher harmonic pitch, it is signi-
ficant to demonstrate that several harmonic inputs
can be combined for simultaneous reduction of all
the vibratory hub-load components. For the hinge-
less rotor, it is alsc significant toc explore the
relationship between hub-moment reduction and in-
plane load reduction. This is because the same
pitch harmonics would naturally be used to contrxol
both the hub moments and the in-plane loads. On
a four-pladed hingeless rotor, for example, the
4/rev hub pitching and rolling moments arise dir-
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ectly from the 3/rev and S/rev blade-root flap-
bending moments, which are most directly controlled
by 3/rev and 5/rev blade pitch; at the same time,
however, the 4/rev longitudinal and lateral in-
plane hub loads arise directly from the 3/rev and
5/rev blade-root chordwise shears, which are alsc
most directly contyolled by 3/rev and 5/rev blade
pitch. Thus, there is a guestion of compatibility
between the 3/rev and 5/rev pitch-~amplitude and
phase adjustments desirable for hub-moment reduc-
tion and the adjustments desirable for in-plane
load reduction.

Combination of multiple harmonic inputs and
compatibility of adjustment strategies were ex-
plored during this test using vibratory hub loads
calculated from bkalance measurements., Until the
accuracy of the balance measurements is improved,
as described in Section 8, this balance data is
the most accurate information available about the
effects of higher harmonic pitch on the in-plane
loads. (The calculation of in-plane hub lcads
from blade~load data is considerably more complex
than the calculation of hub moments and has not
been completely developed.) Rather than using
in-plane hub loads derived from the balance
together with other hub-lcad components derived
from blade loads, it was desirable to use an
entirely compatible set of hub lcads all derived
from the balance. In view of the issues raised
in Section 8, however, it will be necessary to
confirm the resulting conclusions by additional
testing.

For C /o = 0.06 at 4 = 0.3, a set of 3/rev,
4/rev, and 5/rev pitch inputs favorable for 4/rev
hub»-load reduction was chosen from the set of trial
inputs of each individual harmonic. The three
pitch harmonics were applied simultangously.
amplitude and phase adjustments were made to
achieve minor improvements in loads. The results
for the full set of 4/rev vibratory hub loads are
shown in Figure 16,

small

The simultaheous reduction of all hub-load
components shown in Figure 16 demonstrates that
several higher harmonic pitch effects can be super-
imposed. The simultaneous reduction of the hub
moments and in-plane loads in particular demon-
strates the compatibility of 3/rev and S5/rev pitch
requirements for these purposes.

14. <Conclusions

This test has provided further encouragement
that higher harmonic blade pitch can be success-
fully applied for vibration reduction for the
specific case of the hingeless rotor. The data
shows that:

1. Reduction of vibratory hub loads involves no
significant blade flap~bending or rotor-
performance penalties over the range of trim
conditions tested.

4/REV HUB FORCE
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The higher harmonic inputs required to elimin-
ate the 4/rev hub moments of a four-bladed
hingeless rotor are on the order of 1.0 degree
at 3/rev and 0.1 degree at 5/rev.

Simultaneocus reduction of several vibratory
hub-lcad components is possible, because the
effects of several harmonic pitch inputs can
be superimposed.

Simultaneous reducticn of all vibratory hub-
load components appears to be possible because
the 3/rev and 5/rev pitch-amplitude and phase
requirements for hub-moment reduction and in-
plane force reduction are compatibile.

In-flight adjustment of both amplitude and
phase of higher harmonic pitch will be necessary.

The amplitude and phase of higher harmonic pitch
can be adjusted for approximate elimination of
any vibratory hub-load component simply by cone-
sidering the effects of two trial inputs of
different phases, because the effects are
approximately linear.



The amplitude and phase of higher harmonic
piteh can be adjusted for substantial reduction
of any vibratory hub-load component on the
basis of a single trial input.

bnalysis of the data has shown further that:

8.

The effects of higher harmonic pitch on blade
bending and torsional loads can be predicted
guite well with state-of-the-art theory.

Exceptional care is reguired for accurate
measurement of hub vibratory loads by a
strain-gage balance in the presence of
swashplate shaking on a wind-tunnel model.
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