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ABSTRACT

The vertical gust response and its alleviation for hingeless heli-
copter rotor blades in cruising flight is studied theoreticallf and experi-
mentally. An evaluation is performed of the effectiveness of torsional
stiffness variation in conjunction with chordwise center-of-gravity shift
in alleviating the blade flapping response to decrease the root bending
moment..,

The theoretical analysis utilizes the equations of motion of hingeless
rotor blades exposed to vertical gusts in forward flight for the flapping,
lagging, and elastic and rigid pitch degrees of freedom. The eguations
incliude the effect of steady-state deflections in the trim conditions and
various hingeless rotor configurations such as precone, droop and torque
offset ag well as chordwise center-cf-gravity shift and aerodynamic center
offset.

The experimental program involves the wind tunnel tests of a five~foot
diameter rotor subject to a sinusoidal waveform gust. Testing invelves
variation of the blade chordwise center-of-gravity location, the blade

torsicnal stiffness, rotor advance ratio, and vertical gust freguency.

*
This research was sponsored by the Naval Air Systems Command, United States
Navy.
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1. Introduction

Over the last decade the hingeless rotor hasg attained acceptance as an
attractive concept for rotorcraft, and considerable research, development, and
testing has been conducted. The main advantages of this system are improved
flving qualities, and design simplicity of the rotor and rotor hub. However,
rotor blade aercelastic stability and response become more sensitive because
of structural coupling between bending (flapwise and chordwise) and torsion
of the slender cantilever blade. Also, hingeless-rotor helicopters are
sensitive to atmospheric turbulence. Therefore, the study of the response
of the hingeless rotor to atmospheric turbulence is necessary in evaluating
the blade fatigue characteristics and the riding comfort of the vehicle, and
in the development of gust alleviation systems.

Unfortunately, very little literature is available on the response of
the helicopter to atmospheric turbulence, References 1, 2, 3, and 4 analyzed
the blade response to random inputs, using various metheds of computing the
random response of a time-varying linear system.

arcidiacono et al. (Ref. 5) conducted an analytical study of articu-
lated helicopter response to various gust preofiles such as sine-squared and
ramp gusts, They confirmed that the current gust alleviation factors speci-
fied in MIL-S-8698(ARG) are too conservative. Judd and Newman (Ref. 6)
analyzed the rotor and vehicle response to gusts and turbulence. The rotor
response to step, ramp, and sinusoidal gusts was studied.

For the tilt~rotor aircraft, extensive analyses of the gust response
in cruising flight were conducted by Johnson (Ref. 7) and Yasue (Ref., 8).
In Ref. 7, Johnson summarized the comparison of theory with the results of
full-scale tests of two proprotors in terms of c¢ritical damping ratios and
frequencies of modes. The agreement between theory and experiment was good.
He extended his theory (Ref. 9} to include various rotor parameters such as
precone and droop as well as the transition flight regime between hovering
and cruising flight. Concurrently with the extension of the theory, Frick
and Johnson {Ref. 10) applied modern control theory to develop a gust allevia-
tion system for the tilt-rotor. Wind tunnel experiments were conducted at
M.I.T., using a one~ninth-scale tilt-rotor model subjected to vertical and
longitudinal sinuscoidal gusts as well as collective and cyclic pitch control
inputs (Ref. 11l). The experimental results showed good agreement with the
theoretical analysis of Ref. 8. Further investigations were performed to
develop a gust alleviation device for the gimballed tilt-rotor {(Ref. 12), and
subsequently, wind tunnel testing was conducted to verify the theoretical
predictions (Ref. 13).

Finally, the effect of varying the blade chordwise ig briefly reviewed.
Miller (Ref. 14} suggested chordwise blade mass balance to improve helicopter
flying qualities., Hirsh et al. (Ref, 15) applied chordwise mass balance to
the articulated rotor helicopter XH-17 and reduced the vibration stresses by
35 to 45 percent. Miller and Ellis (Ref, 16} analyzed the effectiveness of
chordwise mass balance to reduce the vibratory root shear of the articulated
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heliceopter. Reichert, Huber, and Oelker, Refs. 17 and 18, showed that a 2.5%
forward shift of the center-of-gravity cf the B0O-105 blade reduced the rotor
angle~of-attack instability. In conjunction with the ilmprovement of the
stability characteristics, a faveorable gust response reduction was also
obtained, as shown in Refs. 18 and 19. A 5% center-of-gravity forward shift
reduced the flapping response by about 40% in trimmed flight at 100 knots,
compared with no chordwise mass balance. Thus, blade center-of-gravity forward
of the aerodynamic center will reduce both the angle-of-attack instability and
the gust sensitivity.

The purpose of the present work is to validate the theory of Ref. 20
and to investigate the effectiveness of chordwise center-of-gravity shift in
conjunction with blade torsional stiffness variation in alleviating the blade
flapping response of the hingeless rotor blade theoretically and experimentally.

As the first step of the theoretical analysis, presented in Ref. 20,
free vibration equations for the flap~lag-torsion~rigid pitch motion of the
rotating nonunifcorm beam were developed including precone, droop, torgue
offset, offsets between the elastic axis and cross-sectional center of gravity,
built~in twist, and collective pitch., The rigid-pitch motion is due to control
linkage flexibility. Based on these equations, the natural frequencies and
correspeonding normal coupled mode shapes of a rotating nonuniform rotor blade
were obtained using the finite-element method. By the use of Galerkin's
Method, the equations of motion for the bilade with aerodynamic forces were
converted to modal equations. The equations included the effect of steady-
state deflections and the quasi-steady assumption was employed for the aero-
dynamic forces. The coefficients of the egquations are periodic in time in
forward flight, so the harmonic balance approximation method (Ref. 21) was
used to avoid the complexity of periodic coefficients. These modal equations
with constant coefficients were used in the present study of the hingeless
rotor response to a vertical gust in ¢ruising flight.

The experimental program involved the design, construction, and test-
ing of a five-foot diameter rotor. The rotor design was such that the
torsional stiffness of the blade as well as the blade chordwise center-of-
gravity location could be varied during the variocus phases of the test. The
rotor was exposed to a sinusoidal waveform vertical gust and the flap, lag
and torsion motion of the blade was measured.

2. Experimental Program

An overall view of the model rotor and mount is given in Fig. 1. The
model rotor consists of three blades with an offset flapping hinge at 0.176R
spanwlse location. This flapping hinge configuration was adopted to obtain
the desired flap, lag and torsion natural frequencies with the flexure system
explained in detail later. The rotor diameter is approximately 5 feet and the
blade chord is 2 inches, The blades have 8 degree linear geometrical twist
and an NACA 0012 airfoil section. The model rotor is an approximate Froude-
scaled dynamic model of a typical soft-inplane hingeless rotor. The model
rotor solidity is ¢.0704, which is roughly equal to the solidity of most
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existing full-scale rotors in operation today. However, the Lock number is

2.27, which is very low in comparison with full size rotors. Additicnally, .
because of the orientation of the gust generator the rotor disc is located HT\
vertically in order to use the lateral gust as the vertical gust in the

helicopter sense. Blade characteristics used in the experiment are listed

in Table 1.

To achieve the desired rotating natural frequencies of the blade lag
and torsional motions, a filexure is placed between the blade and hub as shown
in Figure 2. The chordwise bending and torsional stiffness of the flexure
determines the rotating lag and torsional natural freguencies and the spanwise
location of the hinge gives the appropriate flapping frequency. The cross=-
sectional dimensions (width and height) of the flexure, which was made of
17-7 PH stainless steel, were chosen to obtain the desired stiffness. In
order to evaluate the rotating blade natural frequencies from the given stiff-
ness of the flexure and blade, the computer program bhased on the analysis of
Ref. 20 was used.

The physical properties of the model rotor such as mass distribution and
stiffness were measured and are shown in Table 1.

Lead-lag dampers are used to overcome the lag resonance encountered
in the preliminary experimental stage. The gravity force excited severe cne-
per-revolution lag motion when the rotor rotational speed was at the lag
natural freguency since the rotor was mounted vertically, and the structural
and aercdynamic lag damping of the blade was very small. The lag structural
damping was (0.2% of critical without the lead-lag damper, and with the damper
it increased to 7.0% of critical.

The rotor blade is rigidly attached to the rigid rotor hub with no pre-
cone or droop. The blade collective pitch can be changed at the hub location;
no cyclic pitch control is incorporated.

The rotor hub is rigidly mounted to the rotor shaft which runs across
the tunnel horizontally as shown in Fig. 1. The rotor disc was located
vertically to obtain the vertical gust effect from the existing gust generator
at the M,.I,T. Wright Brothers Wind Tunnel. The rotor shaft is mounted 3.5
feet above the tunnel floor to place the rotor in the center of the 7 x 10
foot elliptic cross-section of the wind tunnel. The rotor shaft is supported
by two trunnions which are connected to the wind tunnel balance system. Rotor
shaft tilting is also possible to simulate the helicopter forward flight
cruising configuration. The shaft can be tilted up to 30 degrees forward.

The rotor is driven by a hydraulic motor mounted cutside the tunnel
and a flow control valve in the hydraulic system is used to wvary the rotational
speed between zero and approximately 1200 rpm.

Fach blade flexure was instrumented with strain gages in order to
detect lag and torsion motion. The lag bending strain gage was located at
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0.128R spanwise station (1.l inch from the cantilevered flexure root which is
2.4 inches long) and the torsion gage was at 0.15R spanwise location (1.7
inches from the cantilevered flexure root).

In order to detect the flapping motion a small .007-inch-thick leaf
spring was placed between the blade and the flapping pin at the hinge location.
The flapping hinge pin, fixed to the flexure, is extended slightly and slotted
to provide a built-in mount for the root end of the cantilevered leaf spring.
The outboard end of the leaf spring has a sliding £it in a blade-mounted
fitting. The leaf spring provides negligible elastic restraint o the blade
flapping motion. This leaf spring was also instrumented with strain gages
for the measuring of blade flapping motion in terms of leaf spring bending
strain. The instrumentation for flap, lag and torsion motion can be seen in
Fig. 2.

In addition to the blade deflecticn signals, the rotor RPM and blade
azimyth angle signal are available from cne of the slip rings. Once per
revoluticn the circuit on the slip ring is closed and provides the signal
for the RPM freguency counter, while in the recorded time history the location
where the circuit is c¢losed gives the blade azimuth angle. The gust magnitude
was measured using a hot wire placed at the rotor hub location and the gust
frequency was measured on the gust generator.

The purpose of the wind tunnel tests was to validate the theory
developed in Reference 20 and to investigate the reduction of blade bending
motion due to a vertical gust utilizing blade chordwise mass unbalance as a
passive control measure. One means of accomplishing the testing of the blades
with different center-of-gravity locations would be to design and build rotor
blades which actually had different center-of-gravity locations. This method,
however, would have proved too costly and time consuming. Therefore, it was
decided that through the addition of a variable weight placed at the blade
tip, the designed center-of-gravity shift would be accomplished.

The scheme used to apply the tip weight to the model kblade is shown
in Fig. 3. A stainless steel sleeve/tube is attached to the blade tip. A
tungsten slug, weighing 40 grams, is slipped inside the tubke. By securing
the slug at any location in the tube, an appropriate shift of the chordwise
center-of-~gravity either fore and aft was achieved.

The slug location allows for effective chordwise C.G. variation (C.G.
location averaged in the spanwise direction) ranging from 35% chord from the
leading edge {most aft position) to 18% chord (most forward position).

In order that no more than one blade of the model be subijected to the
modification for shifting the chordwise C.G. mentioned above, two dummy blades
were used in addition to the actual blade having variable chordwise C.G., as
shown in Fig. 3.

The first test was conducted with the three-~bladed rotor shown in
Fig. 1. The shaft forward tilt angle was 10 degrees and the collective pitch
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was seb to 8 degrees at 75% radius location. The rotor rotaticnal speed was
955 rRPM (100 rad/sec) and the wind tunnel velocity was 30 MPH. At this point
no gusts were applied in order to define the steady-state rotor moticn. Then
the vertical gust was applied to the rotor and the responses of the rotor were
measured at gust frequencies of 100, 200, 300, 400, and 50C CPM. Having com-
pleted the 30 MPH sequence of the tests, the tunnel velocity was increased to
60 MPH and the same test sequence was followed as for 30 MPH. The results of
these tests are described in Ref. 20. In general, they were similar to those
for the single-bladed rotor.

The next portion of the test was with the single~bladed rotor with
the tip weight shown in Fig. 3. The tungsten slug was positioned in the
sleeve of the blade tip to place the chordwise center-of-gravity at 25% chord
from the blade leading edge. It should be noted this C.G. location is the
averaged one over the span. In this case the "stiff torsion" blade was used
{the torsional natural fregquency is 5.1l2/rev). The rotor had 8 degrees of
cellective pitch, the rotational speed was 955 RPM and the shaft tilt angle
was 10 degrees. The same test sequence was followed as that of the three-
bladed rotor, to measure the freguency response of the rotor to vertical
gusts at advance ratios 0.192 and 0.384.

The tungsten slug was moved forward to place the chordwise C.G.
location at 18% c¢hord from the leading edge, and the gust frequency responses
were measured. The slug was then moved backwards to obtain the chordwise C.G.
lucation 35% chord from the leading edge, and the frequency responses were
again measured. In the above cases the "stiff torsion” blade were used. The
rotor blade remained stable in any C.G. location tested due to its very low
Leck number.

The final part of the test used the "soft torsion" blade (the torsional
natural freguency is 2.38/rev with 25% chord chordwise C.G. location from the
leading edge} with variable C.G. location. The wind tunnel velocity was set
to 30 MPH and 60 MPH. The chordwise C.G. location was varied 18%, 25% and 35%
chord from the leading edge at both tunnel velccities, and the vertical gust
was applied to the rotor.

3. Results and Discussion

Using the theory derived in Ref. 20, the blade chordwise center-of-
gravity shift as a gust alleviation method is evaluated and the theory is
compared with the experimental results, Rotor blade characteristics employed
in this analysis are based on the wind tunnel model described in the previous
scotion and detailed characteristics are listed in Table 1. In addition to
the chordwise center-of-gravity shift as a principal parameter, the parameters
examined in this analysis include cruising flight at advance ratios of 0.192
and 0.384, and blade torsional stiffness.

Based on the mass and stiffness distribution of the wind tunnel model
blade, rotating klade natural frequencies and associated mode shapes were
obtained from the theory developed in Ref. 20. Mode shapes of the blade with
"stiff" torsional stiffness and C.G. at 25% chord from the leading edge are
shown in Fig. 4.
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Non-rotating natural frequencies for lag and torsion were determined
cXperimentally with cantilevered hub restraint and compared to the calculated
values. These are listed below. The non-rotating flap freguency was zero
due to the blade flap hinge. Rotating blade natural frequencies were not
obtained in the experiment.

WIND TUNNEL MODEL BLADE
NON~ROTATING NATURAL FREQUENCIES ({(Hz)

LAG FREQUENCY TORSIONAL FREQUENCY
EXPERIMENT | TREORY | EXPERIMENT | THEORY
THREE BLADED 9.1 9.15 109 113
STIFF T
SINGLE- TORSION 7.5 7.7 83 81.9
BLADED
%
?IEH ggom SOFT
- ‘ TORSION 6.6 6.9 38 39.4

The output of the strain gage signals for the blade flap, lag and
torsional motions were recorded on magnetic tape using a Hewlett Packard 4-
~hannel Model 3960 tape recorder. These reccrded data were fed to an analog-~
to-digital converter (Digital Equipment Corp. computer PDP-11/40) and 512
diyital data points were sampled with a 6 msec sampling rate, This corres-
ponds to 10.5 data points per rotor revolution. After sampling, data were
Jdigitally analyzed by Fast Fourier Transform {Ref. 22} with the same machine
to obtain the frequency spectrum of the signal.

Sample analog data from the flap and torsion strain gages are shown
in Fig. 5. The configuration is the three-bladed rotor with tunnel velocity
30 MPH and vertical gust frequency 200 CPM. From this analog data the fre-
gquency spectrum shown in Fig., 6 1s obtained by the method mentioned above.
The blade motion response to vertical gusts can be expressed in terms of the
three frequency modulated motions w, (Q-w) and (+w), where @ is the rotational
speed of the rotor and w is the gust freguency. With reference to the blade
flap freguency spectrum of Fig. 6, the first peak from the left is the response
te the gust frequency w, called the collective flapping response. The peak at
the nondimensional freguency % = 0.791 corresponds to the ({I-w) cyclic flapping
response. The big peak at = 1.0 has §i frequency and comes from the steady
state blade flapping motion due to forward flight. From the present linear
theory 1§I steady-state cyclic flapping motion is not affected by the vertical
gust, and this is confirmed by the experimental results. The peak to the
right of the §) frequency response is the ({i+W) cyclic flapping response,

The experimental results are compared to the theory in terms of the
peak values of the blade motion frequency spectrum at frequencies w, (f-w)
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and (+w). For important responses such as blade flapping motion the fre-
quency spectrum analysis was conducted several times on different portions
of the magnetic tape on which analog signals from strain gages had been
recorded for three minutes. This is a kind of averaging process because the
total time required for sampling is 3.07 seconds from 3 minutes of data.

It is shown in the theoretical analysis of Ref. 20 how to obtain the
three frequency-modulated responses w, (OQ-w) and {Q+w). However, it would
be helpful to explain the method briefly here. The simplified blade flapping
equation with vertical gust excitation may be written:

8+ Erudsin@n) b+ H%B)z + 1L cos (e
2Y . 1 Y 1 2 Y , 1 (1)
U g sin(fit)} B = 3 g X dex 5 sin{fit) é x W, dx
where

x = nondimensional radial coordinate

Y = Lock number

g = advance ratic
mB = rotating flapping natural frequency

21 = rotor rotational speed

t = time
W T vertical gust velocity nondimensicnalized by blade tip speed

{OR)Y at the radial coordinate x

As shown in Fig. 7, the one-dimensional sinusoidal gust in the
cruising direction has a velocity gradient. The gust magnitude at the non-~
dimensional spanwise location x of the blade of azimuth angle ¥ = Qt is
expressed as:

We T W, sin{wt - ¢G) (2)
where W is a gust amplitude and w the gust frequency, ¢  phase lag of the
gust be%ween that location and the center of the rotor. The phase lag ¢
is described by the gust wave length KG and the location of the given point
as:

Rx cos {t

A
G (3)

I

¢G 2T

=1 @
=1 (Q) X cos (Ot

2B-8
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Substituting Eg. 94 into Eg. 93 and expanding the trigonometric function
yvields:

~ - X W
bt i - = 2 coswt cosfit :
wG W sinwt e iy 1 Higher Order Terms
=G, sinwt - L XY [cos (Q~w)t + cos{f+w)t] + H.O.T. {4)
G 2 G uf

In order to obtain the analytical excitation function, the approximate Eg. 4

is used instead of Eg. 2. The first term shows the uniform part of the gust
and the second the gust velocity gradient due to the one-dimensional sinusoidal
vertical gust.

The excitation function used in Ref. 6 is of the form

W = W Jo(kx) sinwt + Wes Jl{kx) cos (fI—w) & (5)
where kK =2 S If kx < 1
Qu’ '
J (k) = 1
o]
L _ixuw
Jl(kx) ~ 3 kx = 200

and Eguations 4 and 5 are roughly equivalent. Note, however, that the
cos(fi+) t term omitted in Egq. 5 is close to resonance with the first flapping
mode of the rotor blade, and will amplify the blade response to the lower
gust frequencies.

Substituting Equation 4 into Equation 1 vields {(Left~hand side of
Eq. 1)

:l— 1 }‘.. -}-—Ig o
5 Yo sinwt + 5 {u + T8 (Q)} W, cos {{+w) t ()

+

Dle  wi=

N

l -
{u % - ﬁ'% (=)} ¥s cos ((Q-w) t + Higher Order Terms

Therefore, due to the vertical gust with frequency w, flapping motions of
frequency w, (-w) and (Q+w) are excited.

The effect of the inclusion of the gust velocity gradient due to the
gust nonuniformity is shown in Fig. 8. Flap response levels are compared
with and without the gust veloccity gradient. It should be noted that the
gust velocity gradient has a significant effect on the c¢yclic flapping motion
even if the ratio of the wave length to the rotor radius is 11.
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While the initial wind tunnel tests dealt with the gust response of
the three-bladed rotor described in Ref. 20, the most important portion of
the experiment invoived the single-bladed rotor configuration with chordwise
center—-of-gravity shift. An objective of the test program was to evaluate
the effectiveness of torsional stiffness variation in conjunction with chord-
wise center-or-gravity shifts in alleviating the gust response of a hingeless
rotor. The comparison of the theoretical rotor responses with the experimental
responses from the wind tunnel test will be discussed. The gust magnitudes
used are shown in Fig., 9.

The yust responses for flap and torsion motions of the "stiff" and
"soft" torsicn blade in 30 MPH are shown in Fig. 10.

The flap motion response with "stiff torsion" blade are shown in
Fig, 10(a}. The {fi+w) cyclic flapping response has a peak at freguency
0.15/rev. This is because the (fi+w) cyclic flap motion is close to the blade
rotating natural frequency. As expected, the flap response differences
resulting from the chordwise center-cr-gravity shift are very small, because
the torsional motion produced by the C.G. shift was small due to the blade
stiff{ torsional characterisitiecs. 1In addition to the blade stiff torsional
characteristics, the Lock number for this single~bladed rotor is very low,
having a value of 0.951. This is roughly one-tenth that of a full~scale
helicopter and therefore the aercdynamic forces on this blade are one-tenth
as effective in comparison with the aerodynamic forces on the full-scale
helicopter. Therefore, the small angle of attack change due to the torsional
motion did not produce effective aerodynamic forces to suppress or excite the
flap motion., The torsicnal motion corresponding to the flap response in
Fig, 10{a) is shown in Fig. 10(b).

When the "soft torsion" blade is utilized, larger flap response level
differences due to chordwise C.G. shift at 30 MPH can be observed in Fig. 10(c).
For the {({3+w} cyclic and w collective flap response it is ¢lear that the
experimental response of 18% chord C.G. location is lowest, that of 25% is
in the middle and that of 35% is the highest. This tendency 1s the same as
that of the theoretical prediction shown in Fig. 10{c). However, predicted
response levels for a given C.G. location are higher than the experimental
results location in the (f4+w) and w flapping responses, Corresponding to the
flap response with "soft torsion" blade at 30 MPH are the torsional responses
shown in Fig. 10{d), and good agreement 1s obtained between the theoretical
prediction and experimental observatiocon.

Lag motion responses at 30 MPH are shown in Fig. 10(e) and (f); they
are very small.

The gust responses at 60 MPH are shown in Fig. 1ll. As with the 30 MPH
case, chordwise center-of-gravity shifts for the "stiff torsion" blade did not
produce distinctive flapping response reductions. Overall agreement between
theoretical predictions and experimental results is good. The torsional
responses of the "stiff torsion" blade at 60 MPH is shown in Fig. 11l(b).
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The flap responses with "soft torsion" blade at 60 MPH are shown in
Fig. 1l(c). While there is good agreement regarding the tendencies for the
{(+w) , w, (f-w) flapping responses, the experimental magnitudes are slightly
higher than those predicted, particularly the {{i+w) and w flap responses of
25 and 35% chordwise center-of-gravity cases. For the {({+w) cyclic flap
response at the frequency w/{l = ¢.105 the .G, shift from 35% from the lead-
ing edge to 25% chord did increase the response level slightly in the experi-
ment and no reduction can be seen in the theoretical prediction. At the same
frequency the {fitw) cyclic flap response is reduced experimentally after
shifting the C.G. forward from 25% to 18% chordwise station. From the theory,
response reduction of the ({2+w) cyclie flap response can be expected below
the frequency w/fi = 0.105 shown in Pig. 1l(¢). This is an important point.
The von Karman gust power spectral density scaled down to the present wind
tunnel rotor model is shown in Fig. 12 where the gust characteristic length
is 40 ft, vV is 60 MPH and the model scaling factor is one-tenth. As is shown
in Fig. 12 the gust power spectrum has a peak at the freguency w/{l = 0.01 and
above /5 = 0.01 it decays very rapidly. Therefore, the frequency response
below a freguency w/fl of 0.1 is particularly important.

above the frequency w/0R = 0,157 the (fMw) cyclic flap response
reduction can be observed c¢learly in shifting from the 235% C.G. to 25% C.G.,
however, there is slight reduction from 25% C.G. to 18% C.G. in the experi-
mental results. Experimental reductions of the w ¢ollective flapping response
is shown in Fig. li{c).

Torsional responses are shown in Fig. 11(d) and good agreement between
the theoretical predictions and the experimental results is obtained.

Lag responses are shown in Fig. 1ll({e) and (f). The theory predicts
a lag rescnance at the lag natural frequency and in the experiment it was not
seen., It is not clear why this discrepancy exists. It may be due to experi-
mental inaccuracy because the lag response level is very low.

Summarizing the rotor gust response, the gust velocity gradient due
to the gust nonuniformity over the rotor disc has an important role in the
blade cyclic motion responses unless the gust frequency is extremely low.

The frequency response of blade moticon to a vertical gust with
frequency w is described in terms of three frequency-modulated motions at
w, (f-w) and (+w), where § is the rotational speed. The responses ({3-w)
and (+w) are related to the blade cyclic motions, Therefore, even if the
gust frequency w is low, the response close to l/rev will be excited as
{i+w) and (fl~w) responses.

As expected, the "soft torsion" blade is more effective in conjunction
with the forward chordwise center-of-gravity shift in alleviating the gust
response of a hingeless rotor than the "stiff torsion" blade.

It should be mentioned that rotor rotational speed fluctuations were

not considered in the analysis. However, these were found experimentally to
e less than plus or minus three percent.
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It should be noted that greater effectiveness of the chordwise center-
of-gravity shift can be expected in the full size rotor since the present wind
tunnel model rotor has very low Lock number.

The theoretical gust response of the hingeless rotor with Lock numbex
10 i3 shown in Fig. 13. The structural characteristics of the rotor blade
are the same as those of the single-bladed rotor with tip mass used in the
wind tunnel. The "soft torsion" blade, wy/f = 2.38/rev, is employed. Blagde
density is reduced to obtain a typical full-size blade Lock number. The
chordwise center-of~gravity is varied over 18%, 25% and 35% chord from the
bilade leacding edge. For the 35% chord C.G. location, classical flap-torsion
flutter occurred. The gust magnitude in Fig. 9 is used for the case U = 0.384.

It is shown in Fig. 13 that the center-of-gravity shift is a very
effective method to reduce the flapping response due to the greater aero-
dynamic forces in the full size rotor. It is interesting that the peak at
0.2/rev in the ({M+w) flap response is reduced because of the large aerodynamic
damping in the flapping motion., The w flap response is higher than the cyclic
flapping responses since the gust effectiveness has increased through the
Lock number. In the (0-w) flap response the response of the 25% chord C.G.
ig less than that of the 18% chord C.G. at the gust frequency 0.4 because the
phase of the torsional motion is not such as to reduce the flapping motion.

In this paper the blade flapping response was chosen as a measure of
the effectiveness of the gust alleviation system. Therefore, the appropriate=-
ness of the flapping response as a measure was examined by evaluating the
vertical shear force at the blade root, and also the blade root bending moment.

The vertical shear force at the root is obtained by integrating the
gerodynamic and inertial forces of the blade:

s = 8 (p - n)dr (7
o Z

The harmonic balance method was applied to eliminate the periocdic coefficients,
and the shear force was expressed in terms of w, {f-w) and (0+w) vibratory
shear forces. Both first and second mode flapping motions were included.

The results shown in Fig. 14 are the calculated shear forces due to
gusts of the single-bladed model rotor with the "soft torsion” blade at
advance ratio 0,394 with chordwise center-of-gravity shift. Note that the
shear force components at freguencies w, (fI-w), and (Q+w) are reduced by
shifting the chordwise center-of-gravity forward. The flapping responses
corresponding to these shear forces are shown in Fig. 10{c) and it is
obvious that the flapping may be taken as a measure of the effectiveness of
the gust alleviation system in reducing hub shears, In the present wind
tunnel model, the hub moment is expressed in terms of the product of the
vertical shear force and the flap hinge offset. Therefore, the hub moment
is proportional to the shear force and the hub moment is also reduced by
forward C.G. shift. It can be concluded that the first mode flapping motion
may be chosen as an indicator of the effectivenss of the gust alleviation
system.
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It should be noted that careful choice of blade mass balance spanwise
location and blade torsional frequency are necessary to aveoid possible
amplification of hub shears due to higher harmonic airloads, as discussed

in Reference 16.

4. Conclusions

This study has been devoted to the experimental verification of a
theoretical model of hingeless rotor response to a vertical gust, and to the
theoretical and experimental evaluation of the effect of shift of blade chord-
wise center-cf-gravity as a gust alleviation method, particularly to reduce
the blade flap motion.

Based upon the theoretical and experimental results in this study,
the following conclusions may be stated:

(a) Chordwise center-of-gravity shift is an effective method of
alleviating hingeless rotor gust response. It was experimentally
confirmed that the flap response was reduced when the chordwise
center~of-gravity was shifted toward the leading edge and the
"soft torsicn" blade was employed, for gust frequencies up to
W/ = 0.5. C.G. shift will therefore also reduce the response
due to the discrete gust which has higher freguency content than
random turbulence.

The full size blade with Lock number of order 10 shows even
larger reductions of flapping response because of greater aero-
dynamic effectiveness.

(b} The "soft torsion™ blade is more effective in conjunction with
the forward chordwise center-of-gravity shift in alleviating
the gust response than the "stiff torsion" blade.

{c) The agreement between the experimental gust response of the
hingeless rotor and the theoretical predictions is good, particu-
larly in the case of flapping and torsional motion.

(d) The frequency response of blade motion to a vertical gust with
gust fregquency w is described in terms of motions at the frequen-
cies w, (2=-w) and (f+w), where  is the rotor rotaticnal speed.
The responses at the frequency (Q-w) and (Q+w) will be excited
even if the qust frequency w is low.

(@) The gust velccity gradient due to the gust nonuniformity over
the rotor disc¢ has a significant effect on the blade response
unless the wave length of the gust is extremely large with
raspect to the rotor diameter,
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TABLE 1

DESCRIPTION OF TEHE ROTOR BLADE

USED IN THE WIND TUNNEL TEST

Number of blades

Radius, R

chord, C

Lock number, v {(kasic configuration)
Solidity, ©

Collective pitch, 80

shaft tilt angle in crusing flight
Lift-curve slope, a

Drag ccoefficient, Cdo

Rotational speed, 0

Built~in blade angle of twist, eTW
Elastic axis

Aerodynamic center

Precoge, Sp

Droop, 6D

Torque offset, e,

Control linkage flexibility

Basic Natural Fregquencies
Lag
Flap

Torsion

THREE~-BLADED
ROTOR

3

2.26 ft

2 in

2.27

0.0704

8 deg

10 deg forward
5.7

0.012

100 rad/sec

8 deg (linear)
25% chord

25% chord

0 deg

0 deg

"0 in

rigid

0.823/rev
1.13/rev
6.85/rev

28-16

SINGLE-BLADED

ROTOR WITH TIP
WEIGHT AND 25%
CHORD C.G. LOCATION
FROM LEADING EDGE

1

2.26 ft

2 in

C.954

0.0235

8 deg

10 deg. forward
5.7

0.012

100 rad/sec

6 deg {linear)
25% chord

25% chord

0 deg

0 deg

0 in

rigid

0.57/rev
1.13/rev
5.21/rev (stiff)
2.38/rev (s0ft)



FIG. 1 THREE-BLADED ROTOR
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FIG. 2 ROTOR BLADE FLEXURE, STRAIN GAGES,

AND LEAD-~LAG DAMPER
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FIG. 3 SINGLE-BLADED ROTOR WITH TTP WEIGHT
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FIG. 4 MIDE SHAPES OF THE WIND TUNNEL MODEL BIADE (THREE-BLADED ROTOR)
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FLAP DEFLECTICN AT THE TIP NONDIMENSIONALIZED

BY ROTOR RADIUS

e LTHEORY WITH GUET
VELOCITY GRADIENT

« = — THEORY WITIOUT GUST
VELOCITY GRADIENT

deg

1.0-

0.64

0.4p

0.2}

NONDIMENSIONAL GUST FREQUENCY w/Q

FIG. 8 EFFECT OF GUST VELOCITY GRADIENT ON THE

FIAP RESPONSE: u = 0.192
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