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ABSRACT

Aeroelastic stability analysis is conducted regarding a tiltrotor aircraft with several aerodynamic
models in time and frequency domain. Two significant structural features, which are the control
system flexibility and wing sweep, are considered. Three different aerodynamic models, a normal,
Greenberg’s quasi-steady, and full unsteady aerodynamic model, are used for the rotor. The two-
dimensional strip theory is adopted for the wing. The influence of torsion and bending coupling
effect gives a lowered flutter speed. The wing aerodynamic force increases it due to aerodynamic
damping. Two different quasi-steady aerodynamic models show the similar stability boundary. The
unsteady aerodynamics is also adopted and compared with the previous results by quasi-steady
aerodynamics. The highest flutter boundary is obtained by the full unsteady aerodynamics.

1. INTRODUCTION

The whirl flutter instability, which is induced by the inplane hub forces, generally imposes a
limit on the cruise performance in tiltrotor aircraft. Therefore, precise estimation of the whirl flutter
instability is required to enhance cruise performance of the aircraft. Many researches have been
conducted to estimate and improve aeroelastic stability boundary using several design parameters
and control methods [1-9]. However it is recognized that those investigations have not considered
an important phenomenon, which is an unsteady aerodynamic environment which occurs near the
rotor and wing. The unsteady aerodynamic formulation needs to be included to represent realistic
aerodynamic environment existing in a tiltrotor aircraft. By including unsteady aerodynamic effect,
it is possible to establish a complete analytical model which is capable of more precise prediction
for a tiltrotor aircraft than the previous models were capable of.

The analytical modeling procedure is also important for a more accurate result since a tiltrotor
aircraft consists of more complicated structural mechanism than the other rotorcraft does. It consists
of large diameter flapping rotors, which are mounted at the wing tip. The wing motions are
dominated by the rotor hub forces and moments. The rotor hub forces and moments are transmitted
to the wing tip through the mast. The wing motions, which are elastic bending and torsion, are also
transmitted to the rotor shaft. Therefore an accurate structural modeling procedure is essentially
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required for a precise analysis. In this paper, the wing sweep is considered to include wing elastic
coupling between torsion and bending.

Aerodynamic interaction between the rotor and wing is another factor which may influence to a
significant extent on the whirl flutter stability in a tiltrotor aircraft. Such interaction has been
included in the investigation originally due to that it was an additional complicacy in tiltrotor
aerodynamics [10-14]. Throughout those studies, it was found that the wake developed from the
rotor blades influences upon the wing, such as vibration induced at the wing and fuselage. Such
induced vibration is expected to affect the whirl flutter stability of the aircraft.

In this paper, an analytical framework is developed with an unsteady aerodynamic model for a
more precise whirl flutter prediction. A complete tiltrotor aircraft, which includes a flexible wing
with a sweep, control system flexibility, and a gimballed hub, is formulated to investigate the whirl
flutter stability.

2. ANALYTICAL MODEL

2.1 Structural and Aerodynamic Modeling

The present structural model is shown in Fig. 1. The total nine degrees of freedom, which
consist of three rotor blade flapping (5,, S andf), lead-lag (¢,, 5,c and ¢, ) motions of the the

rotor, and three elastic wing (g, g,and p ) motions, are utilized. It is explained in detail in the Ref.
15. Control system flexibility is also considered with the pitch-flap (K ;) and pitch-lag (K )

coupling parameters. Using the effective parameters with respect to the aircraft flight speed control
system flexibility can be included [6, 15].

The rotor and wing motions are coupled. The dynamic motions are transmitted through the shaft
at the wing tip. The wing sweep is considered, and therefore the wing tip displacement and rotations
are decomposed with torsion and bending coupled motion. For example, vertical bending motion is
produced by vertical displacement and shaft roll motion for the unswept wing, but on the other hand,
shaft pitch motion is added to produce the vertical bending motion for the swept wing. The detail
expression is presented in Ref. 4.

The aerodynamic formulation is obtained with an assumption that the tiltrotor aircraft is in a
purely axial flow in equilibrium. Only a perturbation component in aerodynamics is considered in
this paper. Trim state is assumed to be established already and the perturbation from it is considered
for flutter analysis. In this paper, three different aerodynamic models on the rotor are used to predict
whirl flutter stability in frequency domains. Time domain analysis is conducted using the simplest
aerodynamic model. The first aerodynamic model is widely used and is quoted as a normal quasi-
steady aerodynamics in this paper. This aerodynamic model is developed based on Ref. 4. The
second quasi-steady aerodynamic model is cited as Greenberg’s quasi-steady aerodynamic model in
this paper whose detailed equation is described in Eq. (2). It is equivalent to replacing C(k) by

unity in Greenberg’s aerodynamic model [16, 17]. For a full unsteady aerodynamic representation,
Greenberg's two-dimensional unsteady aerodynamic model is used [17]. Its expression is also
presented in Eq. (3). Both in Greenberg’s quasi-steady and in full unsteady aerodynamic model,
noncirculatory terms are ignored. Since a thin airfoil theory is adapted in the present derivation, the
effects of noncirculatory terms are very small compared with the circulatory ones [18]. The two
dimensional strip theory is also used on the wing because generally the considered wing for the
tiltrotor aircraft is assumed to have high aspect ratio.
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where h(t) =—38u, (t)cosg + du; (t)sing.

The final form of the structural equation is arranged in the left hand side (LHS) in governing
equations, while the aerodynamic equation is in the right hand side (RHS) of the same equation.
More detail expressions of equation are described in Ref. 19.
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Figure 1. Rotor system with a completely rigid blade

2.2 Aeroelastic Stability Analysis

After combining structural and aerodynamic part, two different types of governing equations,
which correspond to quasi-steady and full unsteady aerodynamic model, are obtained. First, the
governing equations for the normal and Greenberg’s quasi-steady aerodynamic model can be
written as follows.

M. y+Cy+Ky=Cy+K,y+G,p+Z.g (4)
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g’ = {uG L aG}, and the subscript a and s mean an aerodynamic part and a structural

part, respectively. All elements of the matrices are dimensionless.

Converting Eqg. (4) into a state space form gives
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where C=(C,-C,), K=(K,~K,), A=(M,'C), B=(M,'K), G=(M,'G,)

Z=(M;"Z,) and YT ={y y}.

Second, the governing equation for the full unsteady aerodynamic model is slightly different
with quasi-steady aerodynamic one because of the lift deficiency function, C(k), which is

formulated only in frequency domain. Therefore Jones’ approximation is utilized to predict the
stability boundary in time domain [20, 21]. Then the new quantities, the augmented state variables,
are obtained. The resulting augmented state variables are associated with a downwash velocity at
the three quarter chord location [22]. They describe the unsteady effects. In this paper, the
augmented state variables of the typical section at 3/4 span location are utilized as an averaged
value.

After adopting Jones’ approximation, the governing equation will be in a form of the state space
equations as follows.
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G=(M,'G,), and Z=(M"Z,).



3. NUMERICAL RESULTS

Numerical investigation is conducted to obtain the aeroelastic stability boundary with the three
different aerodynamic models. An autorotation condition is considered as a rotor operating
condition. Since the perturbations in the control pitch input and gust are not considered in the
present analysis, G, Z,and O" matrices may be ignored in Egs. (5) and (6). The numerical values
of the structural parameters are based on Ref. 4. An influence of wing sweep on the aircraft stability
is investigated, and in which damping ratio is evaluated in terms of the wing vertical bending mode
(g,) with and without sweep.

3.1 Effects of Coupled Bending and Torsion Modes

The coupled bending and torsion modes can be considered by the wing sweep. The effect of the
coupled bending and torsion modes is quite substantial. One of the most important features of the
swept wing is that the location of the wing tip elastic axis is changed and therefore the distance
from the effective elastic axis to the rotor hub is varied. The forward sweep, -6.5°, is considered in
the present analysis. Figure 2 shows g, mode behaviors in terms of the wing sweep. The present

coupled mode analysis with the wing sweep results in a decreased stability boundary. The swept
wing stability boundary becomes approximately 120 knots lower than that for the straight wing. It is
concluded that the sweep may influence the aeroelastic stability. Therefore all the foregoing results
are based on the swept wing configuration. A similar trend is observed in Refs. 4 and 5.
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Figure 2 : Damping ratio of the wing vertical bending mode with respect to sweep

3.2 Effect of the Wing Aerodynamics

Influence of the wing aerodynamics is analyzed with regard to the stability boundary with and
without wing aerodynamics. Figure 3 shows the damping results of the wing vertical bending (q,)

mode. The basic model includes the wing aerodynamics while the simplified model does not
contain it. The wing sweep is considered in both models. The basic model becomes unstable later



the than simplified one does because of the aerodynamic damping effect. There is approximately 70
knots difference between each other.

Generally, the vertical wing mode becomes unstable first among the nine degrees of freedom
considered. Therefore only the wing degree of freedom should be illustrated in the following.
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Figure 3 : Comparison results regarding the wing aerodynamics

3.3 Effect of the Control System Flexibility

The control system flexibility is considered using pitch-flap and pitch-lag coupling parameters.
The rotor blade has a net flap and lag moment in cruise flight condition because of aerodynamic and
centrifugal forces when the blade lags and flaps, respectively. The principal effects of those
moments are to produce a static pitch deflection due to the control system flexibility. The effective
pitch-flap and pitch-lag couplings are introduced by those effects. The considered couplings are
represented as follows. [23]

00 _ 1

K, =— FK 2 -1-v.)5+Kg, | -
06 _
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where K,, K;, K_, B, and ¢, represent control system flexibility, flap hinge spring constant,
lag hinge spring constant, precone angle, and prelag angle, respectively.

If the stiff control system is considered then K, term goes to infinite. It means that pitch-flap

and pitch-lag couplings are zero values. In order words, using effective pitch-flap and pitch-lag
coupling by collective pitch angle the control system flexibility may be utilized. Figure 4 shows the
variation of those coupling parameters for the considered aircraft model.
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Figure 4 : Effective pitch-flap and pitch-lag coupling parameters

Figure 5 shows the influences of pitch-flap and pitch-lag coupling parameters. If the control
system flexibility is not considered, which is Kpﬁ =0 and K, =0 case, the flutter stability is

overestimated over 300 knots as compare with baseline in which all coupling parameters are
considered. When Kpg is neglected, the stability boundary is changed about 180 knots from the

baseline. In other hand, flutter boundary is slightly increased about 40 knots when Kpﬁ is

neglected as compare with baseline. Therefore it is clearly that the pitch-lag coupling is the most
influence to predict precise flutter stability boundary.
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Figure 5 : Comparison results regarding the control system flexibility



3.4 Comparison Results

The present analysis is validated by other numerical results provided in Refs. 6 and 15. The
considered analytical model includes the effects of the control system flexibility, wing sweep, wing
aerodynamics, and simple aerodynamic coefficient, which only considers lift curve slope, c, . The
present result shows good agreement with the other existing analyses. The vertical wing mode (q,)
comparison is illustrated in Fig. 5.
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Figure 6 : Damping of the vertical wing mode in terms of the flight speed

All the results show similar stability boundary which is approximately 320 knots. The vertical
bending (q,) mode becomes unstable first, and then the chordwise bending (g,) and torsion (p)

mode become unstable. The detailed results will be presented below.

3.5 Results by the Quasi-steady Aerodynamic Models

As mentioned previously, although two different quasi-steady aerodynamic models are used in
the present paper, their resulting equations are the same. However the lift formulation has a few
different terms. Greenberg’s quasi-steady aerodynamic formulation includes two additional terms,

while with the normal quasi-steady aerodynamics has only one. Those are h and 6. Here, h
is velocity of the flapping motion, which is due to —su, and Su, components, and 6, is an

angular velocity of the pitch motion with respect to inertial frame. The perturbation term of h is
described above and 6, are organized as follow.

00 =—K,,B-K, c+a, cosy +a,siny (8)



Figure 7 (a), (b), and (c) illustrate damping of the wing modes, which are vertical bending (q,),
chordwise bending (q,), and torsion ( p) mode, respectively, using the normal and Greenberg’s

quasi-steady aerodynamic models. They exhibit almost the same stability boundary and variation
trend with respect to the flight speed. It is apparent that g, mode becomes unstable first at

approximately V = 320 knots under the both quasi-steady aerodynamic models after that g, and
p become unstable sequentially.
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Figure 7 : Wing mode responses by the normal and Greenberg’s quasi-steady aerodynamics

3.6 Results by the Full Unsteady Aerodynamics

Although the quasi-steady aerodynamic models are quite satisfactory for the preliminary analysis,
those simple aerodynamic models still have weakness to describe a realistic aerodynamic
environment occurring in a tiltrotor aircraft. In this section, numerical investigation is conducted
using Greenberg’s two-dimensional unsteady aerodynamics. The formulations are derived in time
domain by using Jones’ approximation. One of the important features of using the full unsteady
aerodynamic model in time domain is the transformation of the lift deficiency function, C(k). The
augmented state variables are obtained during the transformation. More detailed description and
formulations are presented in Refs. 19 and 22.

Figure 8(a) shows the damping of the wing modes in terms of the flight speed. The stability
boundary is observed to be approximately 380 knots. Here the vertical wing mode (q,) becomes

unstable first among the considered modes. Furthermore ¢, and p modes become consecutively
unstable. Figure 8(b) illustrates the comparison results of g, mode using three different

aerodynamic models. The critical flight speed is predicted to be the highest under the full unsteady
aerodynamics as compared with those based on the quasi-steady aerodynamic models. The whirl
flutter stability is overestimated by the full unsteady aerodynamic model, by approximately 17% as
compared with the result from the quasi-steady aerodynamic models.
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Figure 8 : Wing mode results

3.7 Time Domain Result

Time domain results are obtained using the normal quasi-steady aerodynamic model by Runge-
Kutta method. The cyclic lag impulse input is used to excite the wing vertical (q,), chordwise
bending (q,) and torsion ( p ) modes response, while artificially varying aircraft speed from 285 to

325 knots. In order to vary the flight speed, collective pitch needs to be adjusted. However, in the
present numerical examination, the aircraft speed is increased in an arbitrary fashion. Figure 9
shows the results of the wing modes in time domain. It is shown that the aircraft remains stable until



V = 315 knots. However, the aircraft becomes unstable when its flight speed is higher than 315
knots.
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Figure 9 : Time domain analysis results by normal quasi-steady aerodynamic model

4. CONCLUSIONS

Aeroelastic stability analysis is conducted using several structural and aerodynamic features in
time and frequency domain. The swept wing and control system flexibility are considered to
contrive more complete analytical model. The influence of wing sweep is analyzed by comparing
damping ratio of the wing bending mode with and without wing sweep. The damping of the swept
wing is smaller than that the straight wing. The stability boundary discrepancy between the swept
and straight wing is significant, and therefore the present analytical model includes wing sweep
effect.

The wing aerodynamic analysis is performed by using the normal quasi-steady aerodynamic
model. Two-dimensional strip theory is used to analyze the wing aerodynamics because of an
assumed high aspect ratio. The resulting stability boundary is generally increased when it is
compare with that without the wing aerodynamics. It is because the aerodynamic damping effect is
generally significant. There is approximately 70 knots discrepancy between the results with and
without the wing aerodynamics.

The control system flexibility is considered using pitch-flap and pitch-lag coupling parameters.
Those coupling parameters are related with blade flexibility as well. The considering control system
flexibility is primary influence to predict precise flutter stability boundary. The predicted flutter
speed discrepancy is approximately 300 knots between with and without control system flexibility.

Finally an analytical model is developed to predict the stability boundary using three different
rotor aerodynamic models. The comparison regarding the normal quasi-steady aerodynamics shows
a good agreement with the other existing analytical results. Although Greenberg’s quasi-steady
aerodynamic model predicts a little bit higher flutter speed than the normal quasi-steady
aerodynamics, the difference is insignificant. However the flutter boundary with the full unsteady
aerodynamic model is approximately 17% overestimated as compare with those from the other two
quasi-steady aerodynamics.



At the last stage, time domain analysis is conducted using the normal quasi-steady aerodynamic
model. The cyclic lag impulse input is applied to excite the wing modes. And the result shows
similar flutter boundary with that obtained from frequency domain analysis.
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