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Experimental Demonstration of the Influence of Wing
Couplings on Whirl-Flutter Instability
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An experimental demonstration is presented of the influence and the effectiveness of tiltrotor wing couplings
in postponing whirl-flutter instability in forward flight. The experimental setup is based on a small-scale model
where the wing supplies a coupled elastic support but does not introduce any aerodynamiccontribution. The elastic
deformation of the beam has been measured using a system of strain gauges at its root. Stability characteristics
were calculated based on the recorded time history of the system response to an external abrupt disturbance.
Beamwise bending-chordwise bending couplings were created by tilting the wing structure, whereas beamwise
bending-twist couplings were introduced by changing the nacelle length. Both types of the wing coupling effects
were found influential. The results indicate that adequate exploiting of wing coupling effects has the potential to
significantly improve the stability characteristics of coupled rotor-wing systems.

Introduction

HIRL-FLUTTER instability characteristics of wing-rotor

systems are known to be important contributorsto the flight
envelope constraint of high-speed tiltrotors when operating in the
airplane mode. This instability phenomenon is substantially differ-
ent from fixed-wing aircraft flutter and is mainly derived by the
coupling between the elastic wing deformationand the rotor, which
is (typically) connected to the wing tip. The literature contains a
wide spectrum of theoretical and experimental studies of the asso-
ciatedphenomena,and the referencescited in what followsrepresent
well the research effort that has been invested in understanding and
controlling whirl-flutter instability phenomena over the last four
decades.

The evolution and the aeromechanical characteristics of tiltrotor
aircraft have been discussed in numerous reviews.!~® Therefore,
without any attempt to thoroughly review the related research doc-
umentation, it is convenient to classify the reported studies into a
few categories. References 7-11 representthe classical analyses that
were aimed toward the basic understanding of the specific charac-
teristics of whirl-flutter instability. Analytic simulations and corre-
lations with experimental data are reported in Refs. 2 and 12-21.
These models are based on a vast range of simplifying assump-
tions, although, in general, it may be stated that most of the effort
has been devoted to the rotor system analysis and tailoring, while
only relatively simple models for the wing were utilized. Flight test
data are reported in Refs. 22-25, whereas Refs. 26-30 are mainly
focused on hover ground tests or wind-tunnel tests of full-scale or
reduced-scalerotors.

The present study is focused on the role of the wing struc-
ture and its influence on whirl-flutter instability characteristics.
References 31-33 discussed the importance and impact of wing
structure and wing weight on tiltrotor design. It may be shown
that wing weight is primarily driven by the whirl-flutter stability
safety margin (see Ref. 34). Moreover, recent studies reported in
Ref. 18-20, and 35-37 have indicated that the introduction of struc-
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tural couplingsinto the wing degrees of freedommay be exploitedto
postpone whirl-flutter instability. Active control methodologiesthat
are aimed at reducing the undesired effects of the coupling between
the rotor aerodynamic loads and the wing’s structural dynamics for
stability augmentation and vibration suppression are discussed in
Refs. 38 and 39.

Because of various design requirements and constraints,
currently, tiltrotor wing-rotor systems contain some structural cou-
plings that may have a significantinfluence on their stability charac-
teristics. Reference 19 discusses one specific example of beamwise
bending-twist coupling that has an adverse influence on the sta-
bility of a full-scale tiltrotor configuration. Hence, the study was
focused on the reduction of this coupling effect by means of intro-
ducing composite-induced beamwise bending-twist coupling into
the wing structure.

Reference 37 presents the results of much more fundamental re-
search in this direction. The study has shown that aerodynamic-
induced couplings are the primary source for whirl-flutter insta-
bility and that the magnitude of these couplings is on the order
of typical composite-induced couplings. The study was based on a
generic composite beam model that due to its simplified geometry
enabled the derivation of the involved composite-inducedstructural
couplingsin closed-formexpressionsand opened the way to careful
examination of their effects. The results of this study have shown
that the elastic couplings within the wing structure influence the
aerodynamic instability effects and that using available composite
materialsitis possibleto create strong enough elastic couplingsthat
will reduce the amount of the overall coupling magnitude and will,
therefore, contribute to the system stability.

Evidently, the literature does not contain sufficient experimental
dataregardingthe classical whirl-flutter instability phenomena, and
certainly the whole issue of wing couplingis only at its initial steps.
To obtain adequate experimental data in this area, one is forced to
acquirearelatively complex (and expensive) experimentalsetup that
will be able to simulate different types of coupled wing structures.

Within the effort reported in the present paper, an experimental
study hasbeen carried out to demonstratethe feasibility of tailoringa
coupledelastic wing that will substantially modify the whirl-flutter
instabilitycharacteristicsof the wing/rotor systemsin forward flight.
The experimental setup is based on a small-scale two-bladed rotor
that is connected to an elastic wing structure. The wing lacks any
aerodynamicfairing and, therefore, wing aerodynamics do not play
anyrolein the presentstudy (besidesa small amountof aerodynamic
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disturbance that is contributed by the blocking effect of the wing
structure). The rotor/wing system undergoes an incoming flow, and
the blade pitch angle is set to produce windmilling rotation. Thus,
in the present system, there are only two sources of damping. The
first source is the structural damping in the wing structure, whereas
the second source is the aerodynamic damping that is provided by
the rotor.

The experimental setup that has been used for the present study
provides a control on the magnitude of the main two types of
wing couplings, namely, the beamwise bending-chordwise bending
(BB-CB) coupling and the beamwise bending-twist (BB-T) cou-
pling. The first coupling mechanism is obtained by tilting the wing
structure, whereas the BB-T coupling is obtained by adjusting the
nacelle length as will be described in the next section.

It should be emphasized again that the main objective of the
present study is the demonstration of the wing coupling influence
on the wing-rotor system stability in forward flight. Therefore, no
attempt has been made to establish consistentand adequate scaling
rules (e.g., see Ref. 28) for a specific full-size configuration.

Review of Wing Coupling Effects

Before the descriptionof the presentexperimental setup, the issue
of wing coupling effects deserves some discussionand clarification.
In general, there are a few different sources for wing couplings that
should be classified to clarify the whole picture. One way to look at
these wing couplings is to categorize them into the following four
groups.

Loads-Induced Couplings

The coupling effects in this group are induced by some compo-
nents of the loads directly or through effective arms that are cre-
ated by their points or lines of application. One clear example of
such effect is the coupling created by the offset between the wing
shear center and the rotor hub, which may induce torsional moment
when bending force is applied. Although this is a linear first-order
effect, there are similar minor nonlinear effects, where due to geom-
etry effects (elastic deformationincluded), certainloads may induce
deformationin various directions that effectively create coupled re-
sponse of the wing. The coupling effectsin this group are, therefore,
characterized by them all being induced as a result of loads, and,
therefore, phase differences between the coupled degrees of free-
dom are possible. From a mathematical formulation point of view,
these couplings modify the mass and the damping (in addition to
the stiffness matrix) of the wing and, therefore, may be considered
as dynamic couplings.

Kinematic-Induced Couplings

This category contains the structural coupling effects. The most
common example of coupling in this category is the case of ini-
tially twisted wing whichinduce BB-CB couplings, thatis, between
beamwise bending and chordwise bending. Different designs may
induce additionalsimilar couplingeffects that are driven by the kine-
matics of the structure. From a mathematical formulation point of
view, kinematic induced couplings modify only the stiffness matrix
of the beam and, therefore, may be considered as static couplings.
In other words, the motion which is transferred from one degree of
freedomto the other (coupled) degree of freedom containsno phase.

Composite-Induced Couplings

In this category, the coupling source is the fundamental coupling
in the material level. Obviously, the use of composite materials
does not necessarily imply that elastic couplings are introduced
(see Ref. 33). However, it is well known that orthotropic composite
laminas that are not balanced (namely, the material directions do not
coincide with the wing axis) induce coupling between normal strain
and shear stress and between shear strain and normal stress. In the
structurallevel, these couplingsmay be exploitedto tailor couplings
between the wing transverse bending deformation components and
its elastic twist. This method of introducing composite coupling
effects into wing structures has been discussed and demonstrated

in Refs. 19, 35, and 37. Similar to the earlier discussed kinematic-
induced coupling, composite-inducedcouplings may be considered
as static couplings.

Active-Control-Induced Couplings

In this category, which is only in its first conceptual stages as yet,
active-controlloads are introducedto couple certain degrees of free-
dom of the wing (e.g., see Ref. 38). The wing motion in this case is
sensed by adequate sensors. The signals of these sensors are used to
producea command for certain actuatorsthat may activate or modify
the response of other degrees of freedom. The technology of smart
structures may be adopted for introducing couplings of this type.

Experimental Setup

The experimental setup is shown in Figs. 1a and 1b and consists
of a cantileverwing structure of length/ = 0.42 m and a two-bladed
rotor of a diameter 2R =0.5 m connectedto its tip. Figure 1a shows
the system setup. The wing structure may be tilted at an arbitrary
angle, which determines the level of the transverse BB-CB cou-
pling within the wing structure. In all cases, the rotor axis remains
horizontal, that is, parallel to the freestream velocity. The nacelle
length d, namely, the distance between the rotor hub and the wing
elastic axis may also be adjusted and may, therefore, supply various
BB-T couplings. The beam root region is equipped with a strain-
gauge system that allows clear separation between the three main
wing displacementcomponents,namely, the beamwise bending, the
edgewise bending, and the twist.

The peripheral instrumentation consists of data acquisition de-
vices that allow simultaneousrecording of the time history response
of the three components of the wing deformation. Acquisition rate
was set to be equal to 200 Hz, which is more than an order of
magnitude higher then typical frequencies of the present wing/rotor
system.

Note, again, that unlike more complex experimental procedures,
the simplicity of the present experimental setup allows a wide range
of parametric study that may even penetrateinto the unstableregion.

Wing Couplings

Figure 2 presents a scheme of the wing tip cross section, the ro-
tor shaft, and the rotor rotation plane. As shown, the wing is tilted
at an angle 0, while the shaft remains horizontal. In what follows,
the vertical z direction will be denoted as the beamwise direction,
whereas the horizontal y direction will be denoted as the chordwise
direction. The wing structure is based on a uniform double-spar
structure with three ribs (see Fig. 1a). This structure may be char-
acterized by a uniform distribution of stiffness EI, for bending per-
pendicular to the wing chord direction, EI,. for bending in the wing
chorddirection, and G/J for the torsionalrigidity. Thus, for 8 =0, no
structural couplings are induced. Note that the profile-shaped ribs
do not affect the characteristics.

Introducing a nonzero wing tilt angle 6 modifies the described
wing characteristics. When a vertical force F; is applied at the shear
center of the wing tip cross section, the tip is deflected in both y and
z directions. Simple structural considerationsshow that this BB-CB
coupling may be expressed as

v sin@cosOll — (El,/El.)]
w  sin?0[1 — (EI,/EI,)] — 1

D

Similarly, when a horizontal force Fy is applied at the shear center
of the wing tip cross section, the tip is deflected in both y and z
directions, which constitute the following edgewise BB-CB cou-

pling:

= )

w  sin6@cos6O[1 — (El,/EI.)]
v cos?0[1 — (EI,/EI.)] — 1

As shown by Eqgs. (1) and (2), for given values of EI, and EI,,
the angle 6 may be used to create different BB-CB couplings. In
addition, also note that the region of low tilt angle 0 is character-
ized by low effective beamwise bending stiffness and high effective
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Fig. 1a General view of the experimental setup.

Fig. 1b Experimental setup in stationary and rotating states.
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Fig. 2 Scheme of the wing tip cross section, the rotor shaft, and the
rotor rotation plane.
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Fig. 3 Calculated wing BB-CB coupling magnitudes as a function of
the wing tilt angle.

edgewise bending stiffness, whereas the region of high tilt angle is
characterizedby high beamwise bending stiffness and low edgewise
bending stiffness.

Figure 3 presents the BB-CB coupling as a function of the wing
tiltangle O for variousratios of EI,,/ EI.. Itis shown that substantially
coupled wings may be obtainedby the present methodology. For the
actual wing structure of the experimental setup, EI,/El, =0.42.

Based on the notation presented in Fig. 2, the BB-T coupling,
namely, the amountof twist angle thatis obtained per unitbeamwise
deflection at the tip, may be written in the static case as

3

Ag _3<d> (El,/GJ)
l

wil ~ "\l ) cos?0 + sin® O(EI,/EL)

As shown, the magnitude of BB-T coupling depends on the two
independent parameters of this study, namely 6 and d/ [. The pre-
ceding expression emerges from that, on one hand, the induced
moment varies linearly with the nacelle length d, but on the other
hand, the bending stiffnessis a function of the wing tilt angle 8. This
variation is shown in Fig. 4. Similar to Fig. 3, it is shown that the
presentexperimental methodology providescoverage of vast values
of wing couplings. For the actual wing structure of the experimental
setup, EI,/GJ =0.95.

For the sake of clarity, it should be emphasized that the BB-T
couplingexpressionreflects only the static portion of this couplings,
whichin general may be classified as “loads-inducedcoupling” (see
earlier discussion). This is because this coupling emerges from a
beamwise force that creates a torsional moment at the wing shear
center. Therefore, all force components, namely, components that
are also proportional to the time derivatives of ¢ and w, should be
considered. The most generic way to express this coupling is by
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Fig. 4 Calculated wing BB-T coupling magnitudes as a function of the
wing tilt angle, d/R = 0.2.

expressing the additional torsional moment that is induced by the
beamwise forces AM as

AM(t) =F(t)-d 4)

By taking into account the dynamics of the torsional moment and
that F contains time derivatives of w, it becomes clear that A ¢ and
w may be of differentphase in contrast with the v and w values that
haveto appearin phasein the BB-CB coupling[see Egs. (1) and (2)].

Note that the composite-inducedelastic couplings that were dis-
cussed in Refs. 19 and 37 are all inherent couplings within the wing
structureand, therefore,are more comparableto the earlierdiscussed
BB-CB couplings.

Data Reduction

Typically, the recorded time history response of the wing-rotor
system consists of a transient response and a vibratory steady-state
response. The transientresponseis due to the abrupt forcing that has
been externally applied to examine the stability characteristics.The
steady-state vibratory motion is a result of the imperfection of the
experimental setup and mainly due to the aerodynamic disturbances
that are contributed by the blocking effect of the wing structure that
occurs over a thin portion of the azimuthal travel of the blades.
Thus, to simplify the analysis, the vibratory time response of each
one of the associated degrees of freedom may be approximated us-
ing a second-orderdynamic response of a single-degree-of-fredom
system, for example, x(7), as

x(t) =xpe” " cos(wt — @) + xp cos(wt — p) (5)

where x, is the transient amplitude at time zero and xp and ¢
are the steady-state vibratory amplitude and phase, respectively.
Also, o is the mode frequency and ¢ is its damping coefficients
[@=ay (1 = &?)]. Note that, in fact, all wing modes are excited
by the abrupt forcing at the tip; however, it may be shown that the
first (low-frequency) modes are the most important and influential
for stability analysis. This behavior will be clearly shown by the
high-frequency response that is modulated on the low-frequency
signature of the dominant mode.

The transient signature was analyzed using standard exponen-
tial decay analysis. Reference 40 presents a determination of the
XV-15 tiltrotor configuration aeroelastic modes from flight data
with frequency-domain methods and provides a discussion of the
various analysis methods. In the present study, the response fre-
quency was first estimated using fast Fourier transform technique,
which has been applied to both the transient and the steady vibra-
tory regions of the response. Once the frequency was determined,
the damping coefficient was evaluated using the ratio of the re-
sponse peaks at two different peak points, for example, the peak
points at the end of the nth and the mth periods, namely, the times
t, =2nn/ oy + tpand t,, =2xm/ wy + ty, respectively, where m > n

and 1, is a constant. Based on Eq. (5), the damping coefficient in
this case is estimated as

¢=I[1/27(m — n)]log(x,/ xy) (6)

Wing Coupling Effectiveness

As already mentioned, the present study was carried out for two
independentcoupling parameters. The first parameter was the wing
tilt angle O that has been swept from 0 to 90 deg in steps of 15 deg,
whereas the second independentparameter was the nacelle length d
that has been assigned to three discrete values of d/ R =0.19, 0.30,
and 0.42 (see Fig. 2). Three freestream velocity magnitudes were
tested.

Figures 5a-5c present some typical time history responses of a
relativelyhighly damped configurationwhere  =15degandd/R =
0.42. The response is presented with a time shift that ensures that
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t =0 occurs at the maximal absolute response amplitude, whereas
zero amplitude is defined as the time-averaged response at the
steady-state region, that is, the time average of the response after
more then 5 s. All values are normalized and presented as percents
of the already given maximal absolute response amplitude. In addi-
tion to the experimental signals, Figs. 5a-5c also contain calculated
envelopes of decay for various damping coefficient. Even without
the described formal estimation of the damping, it is clear that in
this sample response the damping ratio is about §%.

For obvious reasons, operation of the experimental setup in un-
stable vibratoryregion for extended periodshas been avoided. How-
ever, because of the relatively low amount of energy that is stored in
the present experimental model, safety margins were reached only
for cases that were very close to instability. For illustration, Fig. 6
presents one case of very low, virtually zero, damping, where it is
evident that the response envelope consists of horizontal lines.

Figures 7a-7c presentthe wing damping as a functionits tilt angle
for the three values of forward flight velocity. As shown in the case
of V =2.3 m/s (see Fig. 7a), a clear trend of decreasing damping
for increasing values of 0 is observed for the low nacelle lengths,
whereas for the case of high nacelle length, the damping recovers
for high values of 6. The results, therefore, indicate that the BB-CB
coupling has an adverse effect on stability, and in general, the BB-
T coupling has a similar effect. For the case of V =3.5 m/s (see
Fig. 7b), the BB-T coupling has a negative effect, whereas the BB-
CB coupling has a positive effect at high values of 8. For the case
of V =4.6 m/s (see Fig. 7¢), in general, the BB-T coupling has a
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Fig. 6 Beamwise bending signal of an undamped case.
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Fig. 7a Wing damping as a function of the wing tilt angle for low
forward flight velocity.
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Fig. 7b Wing damping as a function of the wing tilt angle for medium
forward flight velocity.
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Fig. 7c Wing damping as a function of the wing tilt angle for high
forward flight velocity.

negative effect, whereas the BB-CB coupling effect has an adverse
effect as well, and in fact, all cases above 8 =45 deg are unstable.

Therefore, itis clearthatelasticcouplings(which may be achieved
by a wide range of different means) are highly influential. A clear
representative point is the case of 8 =15 deg at V =4.6 m/s
(Fig. 7¢). As shown, increasing the BB-T coupling from the case
of d/R =0.19 to the case of d/R =0.42 results in the damping
decreasing from 10 to 0%. According to Fig. 4 and Eq. (3), the cor-
responding BB-T coupling values in this case are ¢//(w) =0.65
ford/R =0.19 and ¢!/ (w) = 1.4 for d/ R =0.42. This finding co-
incides with the results of Ref. 19, where composite-induced cou-
plings were used to lessen the instability contributed by similar
BB-T coupling effects.

Conclusions

An experimental methodology for studying the influence of wing
couplings on the stability characteristics of wing-rotor systems has
been offered. Mainly, it is suggested to introduce elastic couplings
by tilting the wing structure and varying the nacelle lengths.

The study described is based on a small-scale model of a wing-
rotor system. Thus, in light of the well known difficulties to scale
correctly the structural dynamics and the effective aeroelastic prop-
erties, the present analysis serves only as a demonstrator for the as-
sociated phenomena. However, it is expected that the present simple
experimental methodology will also serve as a reference for corre-
lating analytic models that feature wing structural elastic couplings.
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Such a correlation may contribute to the prediction quality of full-
scale configurations as well.

In general, wing couplings were found to be very influential. It
may be concluded that wing couplings may be exploitedin two dif-
ferent ways. First, because currently various design constraintslead
to tiltrotor configurations that include couplings of adverse influ-
ence, introducingadditional opposite couplingsmay lessen these ef-
fects significantly and contributeto the stability characteristicsof the
entire wing-rotor system. Second, in light of the discussed possibil-
ities to tailor the wing structure of new designs in various manners,
the presentresults contribute additional evidence of the potential of
this method to augment wing-rotor stability in forward flight.
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