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Aeroelastic Stability Investigation of a Composite Hingeless
Rotor in Hover
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The aeroelastic stability of a composite hingeless rotor with elastic couplings is investigated in hover.
A two-bladed, Froude-scaled, soft in-plane hingeless rotor model with various isotropic and graphite/
epoxy composite flexures was designed and then tested on a hover stand. The rotor with an isotropic
flexure was tested first to examine the experimental procedures. The effects of elastic flapwise bending-
torsion and chordwise bending-torsion structural coupling on the aeroelastic stability were then investi-
gated using elastically coupled composite flexures. Lag-mode stability test results are compared with the
theoretical predictions obtained using the comprehensive aeroelastic rotor analysis, UMARC (University
of Maryland Advanced Rotorcraft Code). The introduction of negative chordwise bending-torsion cou-
pling has a stabilizing effect on the lag damping for positive collective pitch angles. Predictions agree

with measured data.

Introduction

OMPOSITE materials are widely used in the design of

helicopter rotor blades because of their higher strength-
to-weight and stiffness-to-weight ratios, superior fatigue char-
acteristics, and better damage tolerance compared to metals.
With the application of composite materials, advanced rotor
systems such as hingeless and bearingless rotors are becoming
feasible today. These advanced design configurations offer me-
chanical simplicity (fewer parts), more control power, and bet-
ter maintainability. Because of blade stress and vibration con-
siderations, these rotors are typically designed as soft in-plane
rotors, thus making them susceptible to aeroelastic instabilities.
To improve the stability of the system, external lag dampers
are routinely used. However, small displacements near the root
of hingeless rotor systems reduce the effectiveness of these
mechanical dampers. These external dampers also increase the
mechanical complexity and the procurement and maintenance
costs.

The tailorability of composite materials can be used to
achieve beneficial structural couplings such as bending-torsion
and extension-torsion. These couplings arise from the aniso-
tropic or directional nature of fibrous composites. The utili-
zation of designs exhibiting these couplings offers the potential
for improving the blade dynamics and thus eliminating the
need for external dampers. Several researchers have shown
analytically that these couplings can improve the stability and
vibration characteristics of advanced rotor systems.'”” How-
ever, these composite-tailoring techniques are not exploited by
the rotorcraft industry at this time. One possible reason for this
is the absence of experimental validation of the analytical pre-
dictions obtained by researchers. The objective of this research
is to experimentally investigate the influence of elastic cou-
plings on the dynamic behavior of a composite hingeless rotor.
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A number of analytical investigations have been undertaken
to address the impact of composites on blade aeroelastic sta-
bility. Hong and Chopra' formulated an aeroelastic stability
analysis for a hingeless rotor system in hover using a simple
composite-beam analysis. They showed that bending-torsion
and extension-torsion couplings can have a powerful influence
on blade dynamics. Panda and Chopra® extended this analysis
to forward flight and demonstrated the potential for increased
aeroelastic stability and reduced blade vibration with compos-
ite couplings. These simple blade analyses, however, neglected
the influence of nonclassical effects such as transverse shear
and constrained warping. Smith and Chopra®* developed an
improved formulation to examine the dynamics of a hingeless
rotor by including a refined modeling of cross-sectional warp-
ing, transverse shear, and in-plane ply elasticity. The results
showed that nonclassical structural effects are important for
blade analysis and composite couplings improved the aero-
elastic stability for a composite hingeless rotor. Tracy and Cho-
pra®® further refined this analysis by including the modeling
of warping restraint important for open-section beams.

Yuan et al.” developed an analysis using a 23-degree-of-
freedom element to investigate the aeroelastic stability of com-
posite blades with straight and swept tips. Composite cou-
plings were shown to have substantial influence on hover
aeroelastic stability. Fulton and Hodges®® analyzed the hover
stability of a hingeless rotor with extension-torsion- and bend-
ing-torsion coupled blades. The analysis placed no restrictions
upon the magnitudes of displacement and rotations. These cou-
plings were again shown to have a noticeable affect on the
behavior of rotor blades. To verify the accuracy of these an-
alytical models, it is important to correlate predictions with
experimental data.

There have been several experimental investigations on the
aeroelastic and aeromechanical stability of isotropic hingeless
rotors.'” ' Bousman and co-workers'®'? investigated the be-
havior of several different rotor configurations with kinematic
couplings. The most interesting configuration involved a com-
bination of pitch-lag coupling and structural flap-lag coupling.
The addition of negative pitch-lag coupling alone was shown
to increase the lead-lag damping of the experimental rotor
compared to the baseline case but was not able to stabilize the
unstable region. The combined effect of both negative pitch-
lag coupling and flap-lag coupling provided some additional
damping in the unstable region compared to the pitch-lag cou-
pled configuration alone. Yeager et al."* obtained aeromechan-
ical stability data for a soft in-plane hingeless rotor in hover



792 TRACY AND CHOPRA

and forward flight. The investigation examined the influence
of blade sweep, droop, and precone, as well as blade pitch-
flap coupling. McNulty" investigated the flap-lag stability of
an isolated rotor in hover and forward flight. The three-bladed
soft in-plane hingeless rotor was operated in an untrimmed
state (no cyclic pitch and unrestricted cyclic flapping) in the
wind tunnel. By keeping the first torsion mode frequency as
high as possible, the influence of the torsional degree of free-
dom was minimized. Sharpe'> experimentally investigated the
importance of including torsional flexibility in addition to cou-
pling between flap and lag bending on a stiff in-plane hingeless
rotor in hover. Maier et al.'® investigated a soft in-plane iso-
lated rotor in hover and forward flight at representative tip
speeds. Stability data were collected for a variety of flight con-
ditions and showed clear trends because of the influence of
collective pitch in hover and shaft angle and collective pitch
in forward flight. All of these investigations were on hingeless
rotors with conventional isotropic blades.'® '® Stability testing
of hingeless rotors with composite couplings has not yet been
performed.

The objectives of the present research are as follows:

1) Carry out systematic hover tests for aeroelastic stability
of a two-bladed, 6-ft-diam, Froude-scaled composite hingeless
rotor model with different elastic couplings (chordwise bend-
ing-torsion and flapwise bending-torsion coupling).

2) Compare the measured lag mode damping with the the-
oretical predictions obtained from UMARC (University of
Maryland Advanced Rotorcraft Code).

Experimental Model

Model Description

For the experimental investigation, a four-bladed, 6-ft-diam,
Froude-scaled hingeless rotor model was designed and built.
Figure 1 shows a schematic of a single blade. The main blades
were manufactured with a single glass/epoxy spar, a two-ply
*45-deg fiberglass skin, foam core, and tantalum weights.
Each blade was designed to have its c.g. and elastic axis near
the quarter-chord and to be very stiff relative to the flexbeams.
The rotor hub and blades were mounted on a rigid test stand,
powered by a variable-speed, water-cooled 2.5-hp-dc motor.
For stability measurement, the blades were excited by oscil-
lating the swashplate with servoactuators.

Flexure Design and Fabrication

The structural couplings were introduced through carefully
designed flexures. The dimensions were chosen to obtain flap
and lag frequencies representative of a typical soft in-plane
hingeless rotor blade. The cross-sectional dimensions of the
different flexbeam configurations investigated are shown in
Fig. 2. The rectangular section shown in Fig. 2a is manufac-
tured from the engineering plastic Torlon®. Figure 2b repre-
sents the geometry for a flapwise bending-torsion configura-
tion. The fiber direction of the laminate is indicated by the
angled lines in Fig. 2. The final beam shown in Fig. 2c rep-
resents the cross section that is of main interest to this study,
the chordwise bending-torsion-coupled configuration. As seen
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Fig. 1 Schematic of model rotor blade.
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Fig. 2 Cross-sectional dimensions of flexbeams: a) isotropic Tor-
lon section, b) flapwise bending-torsion-coupled section, and c)
chordwise bending-torsion-coupled section.

in Fig. 2c, the fiber direction is oriented perpendicular to the
chordwise axis.

To investigate the effects of flapwise and lagwise bending-
torsion coupling, the flexures were designed using unidirec-
tional graphite/epoxy prepreg. The composite flexures were
carefully designed to match the natural frequencies of the iso-
tropic rotor as well as to have the desired elastic couplings.
An iterative process was used to determine the best combi-
nation of ply layup and geometric dimensions to achieve the
desired frequencies and stay within the material stress limits.
Three different composite flexures were designed, each with
different couplings, but with nearly the same fundamental fre-
quencies.

The composite flexures were built out of AS4/3501-6
graphite/epoxy prepreg and cured using an autoclave molding
technique. The manufacturing process for the two different
cross-sectional geometries varied in its complexity. The ma-
terial properties and stacking sequences for both types of com-
posite flexures are summarized as follows and in Table 1. Ma-
terial properties of flexures: Longitudinal modulus E, = 20.59
msi, transverse modulus E7 = 1.42 msi, shear modulus G;7 =
0.89 msi, major Poisson’s ratio v, = 0.42, ply thickness =
0.005 in. A positive angle is defined as a counterclockwise
rotation as seen from the top for a horizontal laminate and
from the right for a vertical laminate.

Test Procedures and Data Analysis

Prior to hover testing, nonrotating vibration tests were per-
formed for each configuration to determine modal frequencies
and lead-lag structural damping. Blade motion was excited us-
ing a sinusoidal swashplate oscillation without the rotor spin-
ning. A frequency sweep approach was used to identify the
modes of interest. Once a mode was identified, the value of
the natural frequency for that mode was more accurately de-
termined using a narrowband frequency sweep. Once the fre-
quencies were obtained, the next step was to determine the
structural lag damping. This was done by using the shake and
decay method. The blades were sinusoidally excited at the fun-
damental lag frequency. After a sufficient level of excitation
was evident (typically after about 1 s) the excitation was ter-
minated and the transient response was measured.

Once the nonrotating tests were completed, the rotor was
ready to spin. For testing purposes, the model rotor speed was
varied up to and including a nominal value of 800 rpm. Prior
to data acquisition the rotor was first tracked and trimmed at
each rotor speed by adjusting the longitudinal and lateral cyclic
pitch to minimize first harmonic flapping. Rotating tests were
then performed to determine the rotating natural frequencies
and the lag-mode damping. Most configurations were tested at
speeds of 0, 600, and 800 rpm, although the bulk of the data
was obtained at 600 rpm.

After the rotor was brought up to speed, the first step was
to determine the flap, lag, and torsion frequencies. The swash-
plate was excited through a range of regressing frequencies.
Once the desired mode was identified, a narrowband sweep
was performed to pinpoint the frequency value. After deter-
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Table 1 Stacking sequence of flexures

Flapwise Chordwise
bending-torsion bending-torsion
Configuration coupling coupling
Baseline [(45/—=45)4/05] ¢ [0/(45/—45)5/(0/90)s/0],
Positive coupling [455/02] [0/45,6/(0/90)6/0],

Negative coupling [(—45)5/04), [0/(—45),6/(0/90)6/0]

mining the frequencies, the lag damping was investigated for
several different collective pitch angles. At each test condition
(collective pitch setting), the lag mode damping was deter-
mined using the procedure outlined next.

1) The desired excitation frequency is manually entered into
a function generator that controls the swashplate oscillations.
The frequency should correspond to the regressing lag fre-
quency obtained earlier (rotor rotational speed — lag frequency
= regressing lag frequency).

2) Sinusoidal oscillation of the swashplate is initiated at this
frequency. The signal is maintained until the blades reach a
sufficient steady-state lag excitation (typically about 1 s).

3) Once a steady-state excitation is reached, data acquisition
is initiated and the excitation signal is terminated. The transient
response is measured for 10 s at a sampling rate of 256 Hz
from strain gauges mounted near the root of the flexbeam. The
damping of the desired mode is determined using a moving-
block analysis."”

4) Steps 1-3 are repeated at least three times for each col-
lective pitch setting.

Theoretical Model

Measurement/Prediction of Flexure Stiffnesses

The stiffnesses of the composite flexbeams were determined
experimentally using an optical laser system. Each flexbeam
was loaded separately with a tip flap bending load, a tip chord-
wise bending load, and a tip torque, and the resulting bending
slopes (w’, v') and twisting deflections (¢) were measured at
several spanwise locations. The measured values were curve-
fit to determine the deflections under a unit tip loading con-
dition. Using these unit deflection values, the effective stiff-
nesses for each flexbeam were determined from force-displace-
ment relations. For a chordwise bending-torsion coupled com-

posite beam
M EI. E.| |V
R e 1 B

where EI, is the chordwise bending stiffness, GJ is the tor-
sional stiffness, E,. is the bending-torsion structural coupling,
v is the chordwise bending, and ¢ is the torsional deflection.
M and T represent tip bending and torsion loads, respectively.

Combined with the measured bending slope and twist angles
for a chordwise bending-torsion-coupled composite beam, the
effective stiffness properties are calculated

P(Lx — x¥2)b, P(Lx — x°
EIL = = , ‘b, El = (Lx ,x/2)
(vp(bt _, Uy (bp) WP” (2)
Txv, P(Lx — x*2)v]
GJ =

T ()b — v b)) T (vpd — v,

where w, v, and ¢ are flap bending, lag bending, and twist at
the tip of the flexure, respectively, and EI, is the flap bending
stiffness.

Stability Analysis

The comprehensive rotor code, UMARC, is used to perform
the aeromechanical stability analysis of a composite hingeless
rotor in hover. The rotor blades are modeled as elastic beams

undergoing coupled flap bending, lag bending, elastic twist,
and axial displacements. The main blade and flexbeam are di-
vided into a number of beam finite elements, each consisting
of 15 degrees of freedom. These degrees of freedom corre-
spond to a quadratic variation in elastic twist ¢; a cubic var-
iation in flap and lag bending deflections w and v, respectively;
and a cubic variation in elastic axial deflection u.. The
nonlinear equations governing the behavior are derived, re-
taining terms up to at least second-order in bending and axial
deflection and up to third-order in torsion. The transverse
shearing effects are captured implicitly by statically reducing
the stiffness matrix.’

A rotor aeroelastic stability analysis consists of the calcu-
lation of vehicle trim, blade steady response, and stability of
the linearized system. For each test condition, the collective
pitch 6, is specified and the shaft angle o, is set to 0 deg. The
steady blade response determines the blade-deflected position.
The nonlinear blade finite element equations are transformed
to modal space using natural blade modes and then solved
numerically using the finite element in time method. For the
shaft-fixed stability analysis, the perturbation equations of mo-
tion are linearized about the blade equilibrium position and
solved for the stability roots. Again, the equations are trans-
formed to the modal space and solved using an algebraic ei-
genvalue analysis.

Results and Discussion

Static Tests

Using an optical laser system, the flapwise, lagwise, and
torsional stiffnesses of the composite flexures were deter-
mined. The stiffness properties obtained from these measure-
ments were used as input into the UMARC stability analysis.
Figures 3 and 4 show the agreement between the theoretical
predictions and experimentally obtained static response for the
chordwise bending-torsion coupled configurations shown in
Fig. 2c. Similar agreement was obtained for both the baseline
and flapwise bending-torsion coupled cases as well. Table 2
presents the stiffness values calculated from the measured re-
sponse in both the flapwise bending-torsion and the chordwise
bending-torsion coupled configurations. The values were rep-
resentative of each set of flexbeams tested.

Stability Testing

For the numerical study, a four-bladed soft-in-plane hinge-
less composite rotor was modeled. The rotor properties are
given next. Number of blades = 4, radius = 36.81 in., blade
chord = 3 in., blade airfoil = NACA 0012, nominal rotor speed
= 900 rpm, solidity o = 0.1031, C;/c = 0.0488, precone 3, =
0.0, lock number y = 7.78, and blade pretwist = 0.0 deg. The
stability analysis is performed in the rotating frame using a
constant coefficient eigensolution. Seven normal modes (three
flap, two lag, one torsion, and one axial) are used for the trim
analysis, and six modes (three flap, two lag, and one torsion)
are used for the stability analysis. Theoretical results are ob-
tained in hover for a collective pitch range from —8 to +8
deg.

By comparing the results of the baseline and coupled con-
figuration flexures, the influence of the composite couplings
on rotor stability can be examined. Each coupled flexure was
designed to have nearly the same natural frequencies as the
corresponding baseline flexure. This would imply that the
composite flexures have nearly the same stiffnesses as the
baseline flexure, but different elastic couplings. The predicted
flap, lag, and torsion frequencies for the different configura-
tions are given in Table 3. The predictions are based upon the
measured stiffness properties for each flexbeam model. For all
three models, there is only a small difference (within 6%) be-
tween the flap and lag frequencies of the baseline and coupled
configurations. For both of the composite models, there is a
large difference in the torsional frequency predictions between
the baseline and the coupled configurations.
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Table 2 Measured composite flexure stiffness properties

for bending-torsion coupled flexbeams”

Baseline flap
(mean value)

Coupled flap
(mean value)

Coupled chordwise
(mean value)

Stiffness 1b/in.” 1b/in.? lb/in.?
Flap stiffness, EI, 102 92 4800
Lag stiffness, EI. 2162 2006 2100
Torsion stiffness, GJ 301 158 800
Flapwise bending-torsion coupling, E, _ 56 _—
Chordwise bending-torsion _ _ 300
‘L =6 in.
Table 3 Rotor frequencies at 800 rpm
Flap, Coupled, Lag, Coupled, Torsion, Coupled,
Flexure baseline /rev baseline /rev baseline /rev
Isotropic 1.12 _ 0.73 _— 3.1 _—
Pitch-flap composite 1.12 1.12 0.72 0.71 4.4 34
Pitch-lag composite 1.17 1.26 0.70 0.724 3.4 5.5
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Fig. 3 Lag bending slope and twist angle as a result of unit tip
bending load for chordwise bending-torsion-coupled rectangular
flexbeam (L = 6 in.).

Rotor Speed (RPM)

Fig. 5 Fan plot of isotropic Torlon flexure/blade (F = flap, L =
lag, T = torsion).
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Fig. 4 Twist angle as a result of unit tip torque for chordwise
bending-torsion-coupled rectangular flexbeam (L = 6 in.).

Isotropic Flexure

In Fig. 5, the natural frequencies of the uncoupled Torlon
blade are presented with increasing rotational speed. The ex-
perimental data points are shown for the first lag, flap, and
torsion modes. Good agreement is seen between theoretical
and experimental results for all three modes. Figure 6 shows

Collective Pitch Angie (deg)

Fig. 6 Lag damping as a function of blade collective pitch angle
for baseline isotropic configuration (2 = 800 rpm).

the lag mode damping in terms of its decay rate (negative of
the real part of the stability eigenvalue) vs collective pitch at
800 rpm for the isotropic Torlon flexbeam. Good correlation
is seen between experiment and theory over the range of pitch
angles. The increase in damping at higher collective pitch an-
gles is attributable to an increase in the aerodynamic coupling.
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Flapwise Bending-Torsion Coupling

Figures 7-9 show the comparison between experimentally
obtained and predicted values of lag damping at 800 rpm for
the flapwise bending-torsion-coupled configurations. Figure 7
shows the lag mode damping in terms of decay rate vs collec-
tive pitch for the uncoupled (baseline) configuration. Good
correlation is seen between experiment and theoretical predic-
tions over the range of pitch angles. Figure 8 shows the lag
damping in terms of its decay rate for the positive flapwise
bending-torsioncoupled configuration (flap up-pitch down).
Figure 9 shows the lag damping for the negative flapwise
bending-torsioncoupled configuration (flap up-pitch up). In
Fig. 8 the experimental damping values are underpredicted by
the theoretical result (solid line) for positive collective pitch
angles. In Fig. 9 good correlation is seen between theoretical
and experimental results. The dashed line in both figures rep-
resents the theoretical predictions with the coupling term set
to zero and all other stiffnesses held fixed. The difference seen
between the two lines is caused primarily by frequency dif-
ferences due to aerodynamic stiffening (85 effect). Over the
collective pitch range from —4 to +4 degrees, the inclusion
of flapwise bending-torsion coupling has only a minor influ-
ence on the lag damping as seen in Figs. 8 and 9. The main
effect of the introduction of flapwise-bending torsion coupling
is to either increase the effective flap frequency (positive cou-

. Experiment
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(-op) 0.06-]
0.04-]
0.024
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. [
o+
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Fig. 7 Lag damping as a function of blade collective pitch angle
for baseline (uncoupled) flapwise bending-torsion rectangular con-
figuration (Q = 800 rpm).
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Fig. 8 Lag damping as a function of blade collective pitch angle
for positive flapwise bending-torsion-coupled configuration (Q =
800 rpm).
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Fig. 9 Lag damping as a function of blade collective pitch angle
for negative flapwise bending-torsion-coupled configuration (Q =
800 rpm).
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Fig. 10 Fan diagram for chordwise bending-torsion-coupled con-
figuration (F = flap, L = lag, T = torsion).

pling) or decrease the effective flap frequency (negative cou-
pling) with only a small influence on lag mode damping.

Chordwise Bending-Torsion Coupling

In Fig. 10, the natural frequencies of the chordwise bending-
torsion coupled blade are presented as a function of rotor
speed. For both the rotating (600 rpm) and nonrotating test
conditions, experimental data points are shown for the first
flap, lag, and torsion modes. Figure 11 shows the percent lag
mode damping vs collective pitch for the uncoupled (baseline)
configuration. Good correlation is seen between experiment
and theoretical predictions over the entire range of pitch an-
gles. Figures 12 and 13 show the comparison between experi-
mentally obtained and theoretically predicted values of lag
damping at 600 rpm for the chordwise bending-torsion coupled
configurations. Figure 12 shows the percent lag damping for
the negative chordwise bending-torsion-coupled configuration
(lag back-pitch down), whereas Fig. 13 shows the percent lag
damping for the positive chordwise bending-torsion-coupled
configuration (lag back-pitch up). The dashed line in both fig-
ures represent the theoretical predictions with the coupling
term set to zero but with all other stiffness properties held
fixed. For the negative coupling case, an increase in both the-
oretical and experimental lag mode damping is seen for in-
creasing positive collective pitch angles relative to the uncou-
pled configuration. Excellent correlation is seen between the
theoretical predictions and experimental data for positive pitch
angles. As negative collective pitch increases, the disparity be-
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Fig. 11 Lag damping as a function of blade pitch angle for base-
line (uncoupled) pitch-lag configuration (2 = 800 rpm).
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Fig. 12 Lag damping as a function of blade pitch angle for neg-
ative pitch-lag-coupled configuration (2 = 600 rpm).

tween theoretical and experimental values becomes larger. Ex-
perimentally, the influence of negative chordwise bending-tor-
sion coupling diminishes for negative collective pitch angles.
For the positive chordwise bending-torsion coupling configu-
ration, trends opposite those in the negative coupling config-
uration are seen. The lag mode damping is increased for neg-
ative collective pitch angles and exhibits excellent correlation
between experimental values and theoretical predictions. The
influence of positive chordwise bending-torsion coupling di-
minishes for positive collective pitch angles.

Disparity between the coupling stiffness and the structural
damping may be the cause of the discrepancy between the
theoretical predictions and experimental results for negative
collective pitch angles in the negative-coupled configuration
and for positive pitch angles in the positive-coupled configu-
ration. For both configurations the coupling stiffness used in
the theoretical predictions (shown in Figs. 12 and 13) corre-
sponds to the statically obtained nondimensional value of 2.09
(300 1b in.?), whereas the structural damping parameter used
was 0.00386. Parametric studies were performed to investigate
the influence of the coupling stiffness magnitude and the struc-
tural lag damping value and the results were presented previ-
ously." For example, for the negative pitch-lag-coupled con-
figuration, a 25% decrease in elastic coupling combined with
an increase in structural lag damping improves the correlation
for the negative collective pitch angles (Fig. 14).

g
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Fig. 13 Lag damping as a function of blade pitch angle for pos-
itive pitch-lag-coupled configuration (2 = 600 rpm).
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Fig. 14 Lag damping as a function of blade pitch angle for neg-
ative pitch-lag-coupled configuration (Q = 600 rpm).

Conclusions

A systematic investigation of the aeroelastic stability of a
composite hingeless rotor has been performed. Four different
composite flexbeams were designed, built, and tested. Corre-
lation studies with UMARC are performed. The following con-
clusions were drawn based upon this investigation:

1) For the baseline isotropic Torlon case, good correlation
between theoretical predictions and experimental results are
shown.

2) For the composite flexure cases, elastic flapwise bending-
torsion (pitch-flap) coupling has only a small effect on the lag
damping.

3) Elastic chordwise bending-torsion (pitch-lag) coupling
has a powerful influence on the lag damping of a hingeless
rotor. Negative chordwise bending-torsion coupling has a
strong stabilizing effect on the lag damping for increasing pos-
itive collective pitch angles. The lag damping is destabilized
for positive collective pitch angles with the introduction of
positive chordwise bending-torsion coupling.

4) From hover testing, it is shown using elastically tailored
composite flexures can have a powerful influence on the aero-
elastic stability of a hingeless rotor.
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