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Abstract

The whirl flutter phenomenon in a rotor is induced by in-plane hub forces, and imposes a serious limit on the for-
ward speed. In this paper, based on Greenberg’s model, quasi-steady and unsteady aerodynamic forces are formulated
to examine the whirl flutter stability for a three-bladed rotor without flexible wing modes. Numerical results are ob-
tained in both time and frequency domains. Generalized eigenvalue solution is utilized to estimate the whirl flutter
stability in the frequency domain, and Runge-Kutta method is used to analyze it in time domain. The effects of varying
the pylon spring stiffness and the swashplate geometric control coupling upon the flutter boundary are investigated. An
optimum pitch-flap coupling parameter is discovered through the parametric study. Aeroelastic stability boundaries are
estimated with the three different acrodynamic models. It is found that the analysis with the full unsteady aerodynamics

predicts the highest flutter speed.
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1. Introduction

Since the phenomenon of whirl flutter was first dis-
covered in the early 1960s, a number of investigations
have been conducted because the whirl flutter insta-
bility, which is induced by excessive in-plane hub
forces, imposes a serious limit on the forward speed
in tiltrotor aircraft. This phenomenon has occurred in
both turbo-prop and tiltrotor aircraft. The whirl flutter
phenomenon in general aircraft with a propeller was
first examined by Taylor and Brown [1]. However, a
tiltrotor aircraft is more susceptible to this type of
instability due to its higher level in the rotor blade
flapping, bending, and the prominent control system
flexibility.

Investigation of the whirl flutter instability is there-
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fore required for tiltrotor aircraft for improvements in
the forward flight performance, ride quality, and rotor
component fatigue. Similarly, the fuselage vibration
may be identified and alleviated through the investi-
gation. However, to this date the phenomenon of
dynamic instability has not been completely under-
stood. Whirl flutter involves two modes of tiltrotor
aircraft: a rotor and a pylon mode. The rotor mode is
a backward whirl mode which occurs at low frequen-
cies, while the pylon mode is a forward whirl mode
whose frequency is close to the natural frequencies of
the aircraft. Flutter frequencies of the pylon mode are
higher than those associated with the rotor mode.
There exists a significant difference between the two
flutter mechanisms. In the pylon mode, the precession
is in the same direction as the rotor blade rotation. In
the other mode, the precession of the rotor mode is in
the opposite direction. The whirl flutter instability
occurs more frequently in the rotor mode because of
its low resonance frequency [2, 3].
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The whirl flutter does not occur at a low inflow
flight condition; it happens at a high inflow condition,
such as during a high speed cruise flight. The aerody-
namic forces and moments of the rotor blade are gen-
erated proportional to the change of local angle of
attack on each blade element. It causes a precession
of the rotor blade, which in turn provides the mecha-
nism for the dynamic instability. The mechanism of
the whirl flutter is illustrated in Fig. 1 for a two-
bladed rotor. Under a high inflow flight condition, the
angle of attack increment at a representative 75%
spanwise location, Ae,is negative at Blade No. 1
instantaneously. The lift increment, AL, appears
perpendicular to the control plane. This lift compo-
nent is divided into a change of thrust, AT, and an H-
force, AH.Precession of the rotor blade is created by
the H-force components both in Blade Nos. 1 and 2,
because these forces act in the same direction. At the
same time, high transient flapping is caused by the
thrust component, AT, because these forces act in the
opposite directions. These incremental aerodynamic
forces and moments cause the whirl flutter instability
at a certain flight speed [2].

To increase the whirl flutter stability boundary,
Hall examined the effect of varying the pitch-flap
coupling and the pylon stiffness parameters [2]. Sta-
bility of the proprotor pylon was affected to a certain
degree by such methodologies. The rotor blade design
was also modified to increase the stability speed mar-
gin by Acree et al. [4]. In Ref. [5], higher harmonic
control (HHC) was experimentally employed at both
the rotor swashplate and the wing flaperon to reduce
vibrations induced in an airplane mode. The effec-
tiveness of the swashplate and the wing flaperon act-
ing either in a single or combination mode was dem-
onstrated in reducing the 1 per revolution (/rev) and
3/rev vibration. In the 1990’s generalized predictive

Blade 2

Fig. 1. Mechanism of the whirl flutter.

control (GPC), which is a digital time domain multi-
input multi-output predictive control method, was
experimentally investigated to evaluate the effective-
ness of an adaptive control algorithm. Active control
was introduced into the non-rotating swashplate using
three high-frequency servo-controlled hydraulic ac-
tuators mounted aft of the swashplate inside the pylon
fairing [3, 6]. The GPC algorithm was highly effec-
tive in improving the stability in the critical wing
mode tested. However, it was not an attractive option
due to the complexity of the algorithm. More recently,
another active control algorithm employed via actua-
tion of the wing flaperon and the rotor swashplate
was examined for whirl flutter stability and robust-
ness augmentation [7]. Full state feedback, which was
composed of linear quadratic regulator (LQR) opti-
mal control and wing state feedback control, was used
in that investigation.

From the survey described above, most of the pre-
vious analytical investigations relied on quasi-steady
aerodynamic approximations ignoring the fully un-
steady characteristics in the aecrodynamics. A relevant
formulation for unsteady aerodynamics needs to be
included to represent more realistic aerodynamic en-
vironment generated in tiltrotor aircraft. By including
an unsteady aerodynamic effect, it is possible to es-
tablish a more complete analytical model which is
expected to yield a better flutter prediction. An im-
mediate objective of the present paper is to develop
an analytical model with an unsteady aerodynamic
formulation and validate it against the other analytical
or experimental results. On the other hand, a compre-
hensive analysis code, such as CAMRAD or
DYMORE, usually involves a considerable amount
of the computational resources, although it gives
more accurate estimate results. For general aeroelastic
problems, such as stability and response analysis of a
fixed or rotary wing aircraft, it is still useful to obtain
an approximate solution quickly using a simple simu-
lation model. The present paper aims to provide an
efficient model to conduct a tiltrotor aeroelastic stabil-
ity analysis. It is constructed with a simple aeroelastic
model including the effect of the unsteady aerody-
namics.

In this paper, a gimbaled stiff in-plane three-bladed
rotor system is used to investigate its whirl flutter
stability. An analytical model on passive control me-
thodologies for whirl flutter stability in tiltrotor air-
craft is also developed. Numerical results are obtained
and presented in time and frequency domain. Gener-
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alized eigenvalue solution is used to estimate whirl
flutter instability in frequency domain, while the
Runge-Kutta method is used to analyze in time do-
main.

2. Description of the model

2.1 Structural dynamics model

The structural model, which is shown in Fig. 2, is
developed based on the formulation used in Ref. 8.
The present model consists of four degrees of free-
dom: two rotor blade flapping angles ( . and S ),

and pitch and yaw angles («,and «,) of the pylon.

Positive direction of the flapping motion is defined
for forward displacement of the blade tip from the
disk plane. Positive direction of the pitch angle for the
pylon and yaw are defined for upward and left rota-
tion of the hub, respectively. A flapping motion of the
rotor is assumed to be composed of the totally rigid
blades.

Using the force and moment equilibrium, the equa-
tions of the structural inertia, damping, and stiffness
are obtained as follows.

1, (,Bm +v B, - (éév‘, -2Qa, )cosl//m

Lo M

+(ax + ZQa},)sin y/m) =M,
la +Ca +Ka, =M —hY )
Ia,+Coa, +Ka =M +h H €©)

Egs. (1), (2), and (3) represent, respectively, the
flap, yaw, and pitch moment equilibrium. Employing
the Fourier transformation to Eq. (1) only, it is possi-
ble to convert these into the equations in a non-
rotating frame. These equations are non-
dimensionalized  with PRI, y, 0, and
1,(N/2). The equations of motion for the four de-
grees of freedom can be represented in a matrix form
as in Eq. (4).

H force

Hub
——————— Thrust

-—
Inflaw V'

¥ force

Fig. 2. A completely rigid-bladed rotor system.
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The structural dynamics part is organized in the left
hand side (LHS) in Eq. (4), while the aerodynamics
part is in the right hand side (RHS) of the same equa-
tion.

2.2 Aerodynamic model

The rotor is assumed to be operating in a purely ax-
ial flow in equilibrium. When evaluating the blade
forces and moments, each velocity component con-
sists of a trim and a perturbation component. Trim
state is assumed to be established already and the
perturbation from it is considered for the flutter analy-
sis.

The rotor aerodynamic forces and moments are de-
fined on the RHS of Eq. (4). Three different aerody-
namic models are used to predict the whirl flutter
stability both in time and frequency domains. They
consist of two quasi-steady and an unsteady aerody-
namic models. The first aerodynamic model is widely
used and is quoted as a normal quasi-steady aerody-
namics in this paper. This aerodynamic model is de-
veloped based on Ref. 8, and is described in Eq. (5)
below. The second quasi-steady aerodynamic model
is presented in Eq. (6). It is equivalent to replacing
C(k) by 1 in Greenberg’s aerodynamic model [9,
10]. In Eq. (6), the noncirculatory part is ignored be-
cause most of its terms are eliminated by the coordi-
nate transformation and the effects of the remaining
terms are very small [11]. This model is quoted as
Greenberg’s quasi-steady aerodynamics in this paper.
For a full unsteady aerodynamic representation,
Greenberg's two-dimensional unsteady aerodynamic
model, which is extended to account for time-varying
incoming airspeed, is used and its expression is pre-
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sented in Eq. (7) [10, 12].

L =27pUt)*ba(t) )
L= 2;er(:)17[(;}(:) +UDO®))
+5(0.5-a,)0(0),, | ©
L =27pU(6)bCR)[(h(t) + U(D)O())
+ b(% —a,)0(t),/ 1+ 2ok’ [1() + U (1)0(2)

+UMO®) ~ba,0(1),,] (7)
= Circulatory part(L.)
+ Noncirculatory part(L,.)

The aerodynamic environment of the rotor blade
typical section is shown in Fig. 3. All the velocities
and forces are estimated with respect to the hub plane,
which is used as a reference frame. The aerodynamic
forces on the blade typical section are lift (), and
drag (D).

According to Fig. 3, the total forces in x and z direc-
tion can be obtained as follows.

iizi_cos¢—£_sin¢ ®)
ac ac ac
- :L_sin¢+2_cos¢ Q)
ac ac ac
where, using a small angle approximation,

sing=u,(y)/U(y), and L and D are the modi-
fied forms of L and D, which are non-
dimensionalized by pQ*R’.

In Ref. 8, it was found that the aerodynamic forces
acting on a blade are dominated by the lift in a rotor
flow field at a high inflow. Thus, the drag forces are
not included and only the ¢, terms are retained.
Then Egs. (8) and (9) can be simplified as follows.

Up

T

Uy

D

Fig. 3. Resultant and inflow velocities on the blade typical
section.
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The above expressions can be used for the two qu-
asi-steady aerodynamic models. However, it is not
possible to obtain the forces and moments by using
the above expressions in the full unsteady aerody-
namic model because there exist two parts in the ex-
pression, the noncirculatory and circulatory parts.
Those parts are included in Eq. (7). The lift defi-
ciency function, C(k), can be represented only in
frequency domain as in Eq. (7). Therefore, to convert
the frequency-valued aerodynamics to time domain
Jones’ rational approximation is utilized as follows
[13, 14].

(13)

0.557 +0.28085 +0.01365
57 +0.34555 +0.01365

C(S){

where s = s(l;R 1U,).
By substituting Eq. (13) into Eq. (7), a state space
equation is thus obtained:

G St

(14
X,
y=[C D]{X }+ 0.50(¢t)

where, O(t) = (h(t) + U(Da () + b(0.5-a,)0(),,, .
a, =—0.3455(U, / bR), a,, =—0.0137(U, / bRY*,
C=0.1081(U, / bR), and D = 0.0068(U, / bR)’.

From Eq. (14), new state space equations for the
augmented state variables and the circulatory part of
the lift can be formulated:

)_(1' _ all alz )?1 1
{)?;Hl oH)‘rz}+{o}Q('”) 15)
L, =27bU(p){CX, + DX, +0.50(p)

where, X, =RX,, X,=(R/Q)X,, and

d/0t=00/dy).
Eq. (15) can be used to replace the circulatory part
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in Eq. (7). Therefore, an updated lift expression is
obtained:

L= 2;;17U(‘,/){c;?1 +DX, +0.5Q(z//)} (16)

Le

In Eq. (16), the augmented state variables, X, and
X, , are governed by a system of ordinary differential
equations, and associated with a downwash velocity
at the three quarter chord location, Q(w), [15].
These augmented states are driven by the time history
of Q(y) at each spanwise location. However, in this
paper the augmented state variables of the typical
section at ¥ span location are utilized as an averaged
value. A Fourier coordinate transformation may be
applied to expressQ(), X,, and X, in the non-
rotating coordinate system:

NH

QW) =0,+ 0, cosny +Q,, sinny

n=1

—_— —_— NH —_— —_—
Xl=Xln+ZX1Mcosngy+Xmsinnw 17

n=1

—_— —_— NH. —_— —_—
X, =X, + ZXM cosny + X, sinny

n=1

where NH is the number of harmonics retained in the
Fourier analysis.

By substituting Eq. (17) into Eq. (16), it is possible
to obtain the lift expression in the full unsteady aero-
dynamic model in time domain. According to Fig. 3,
the total forces in each direction are obtained as in
Egs. (10) and (11).

Fig. 4 shows the in-plane forces, which are # and ¥
forces on each blade.

From Fig. 4, the in-plane forces can be expressed as
follows.

H =F siny,

m

+ Fcosy,
. (18)
Y =~F cosy, + Fsiny,

w =270°

Fig. 4. In-plane H and Y force on the blade.

The net rotor aerodynamic forces and moments are
obtained by integrating the sectional forces and mo-
ments over the span of the blade and summing over
all three blades.
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The pitch and yaw moments of the hub due to the
rotor are to be formulated. The source of the hub
moment is the bending moment at the blade rotor due
to the flapping, M, =1,(v,’-1)p, . Therefore, the

rotor lateral and longitudinal moment coefficients are
formulated as follows.

2C, 2.1

Ty ) (20)
oa 14

2C v.i-1

S B g @1)
oa

2.3 Governing equations

Once the rotor forces and moments are obtained as
in Egs. (19), (20), and (21), they need to be substi-
tuted into the RHS in Eq. (4). The governing equation
of motion is then obtained for the four degree-of-
freedom system. Since the governing equations for
the normal quasi-steady and Greenberg’s quasi-steady
aerodynamic models result in the same form, only
two types of governing equations are needed.

2.3.1 Quasi-steady aerodynamic models

Putting the forces and moments of the rotor, which
are expressed in Egs. (19), (20) and (21) with Egs. (5)
and (6), into the RHS of Eq. (4) gives the following
expression:

RHS=Cy'+K,y+G,p+Zg (22)

where, yr = {ﬂlc B a, ax}’ pT = {01C 01s}>
g ={B, a,} and the subscript ¢ means an aero-
dynamic part.
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The governing equation can be obtained as follows:
My +Cy+Ky=Cy'+Ky+Gp+Zg (23)

where the subscript s means a structural part and all
the elements of the matrices are dimensionless quanti-
ties.

For simplicity, Eq. (23) can be rearranged as

My"'=—(C,-C)y'—(K,-K,))y+G,p+Zzg
SY'==MINC -C)Y - MK - K,)y
+ M}S’]Gap + Mv’lZug
=—(M,"C)y' = (M, 'K)y+MG,p
+M'Z,g
=—Ay' —By+Gp+27g

24)

where, C=(C,-C,), K=(K,-K,), 4=(M,"C),
B=(MK), G=(M'G,), and Z=(M'Z,).
Converting Eq. (24) into a state space form gives

Ll

8x8 8x1 8x4 41
where Y ={y »'}.

2.3.2 Full unsteady aerodynamic model

The method for deriving the governing equation for
this case is similar to that for the quasi-steady aerody-
namic models. However, the present governing equa-
tion needs to include an ordinary differential equation
for the augmented state variables, in addition to Eq.
4).

Substituting the rotor forces and moment, which
are obtained at the hub frame, into the aerodynamic
part in Eq. (4), a state space equation is obtained as
follows.

L S e 2l e
-B —-A||) Clpa |G Z|lg

—_——

8x8 8x1 8x4 8x4 4x1

where, X' = ()?,C X, X, X, )
Egs. (26) and (15) can be simplified as

Y=T"Y+S X+0 v
BREA  Sadd  HAd
27

X'=EX+DY
o= 2L

4x44x1 4x88xl1

o 17 . (o) ..o o

where, T" = , S = ,O0 = = _|,
-B -4 C G Z

[y —

8x8 8x4 8x4

E= ay dp D= q v= p )A:(M—lé)’
1 0 0 g
&8 g A

B=(M"'K), C=(M"Z,), M=(M,-M,),
C=(C,-C). K=(K,-K,). G=(M'G,),
Z=M_'Z)) and ¢ are elements of (, and
le'

Combining the two parts in Eq. (27), the following
governing equation, which enables an analysis both in

time and frequency domain, is obtained in a state
space form:

* * *

v [T Sy [
= 8x8  8x4 4| 54 p ©8)
X lp Ex] 0 e
48  4x4 TZq 4x4 Z;d‘
12x12 12x4

where all the elements of the matrices are dimen-
sionless quantities.

3. Numerical results

Numerical investigation is conducted to obtain the
whirl flutter stability boundary in time and frequency
domain using the various aerodynamic models pre-
sented above. Two passive control algorithms, includ-
ing variations of the pylon stiffness and the pitch-flap
coupling, are examined to improve the whirl flutter
stability boundary.

It is assumed that the aircraft has reached a trim
state; therefore, only the perturbation effects are con-
sidered to obtain the results regarding the whirl flutter
stability. The perturbation velocities are defined as
follows:

u7b ul’u
oU = 76HT + 75141) (29)

0 0

where, ou, = r(f - a,cosy,, +a, siny, ) +Vu,
=réu, +Vu, and Su, =—h,(c,siny, +a, cosy,)
+(V +v)(a,siny,, +a,cosy, ) +V (B, cosy,,
+a,sin y/,n)

To investigate the whirl flutter instability, the air-
craft flight speed is arbitrarily increased and its
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stability is evaluated while keeping the same struc-
tural parameters, h, =0.261, y=3.83, v,=1.02,
£=0.04, Q=458RPM, and b=0.047, of all
which are dimensionless quantities. Since the pertur-
bations in control pitch input and gust are not consid-
ered in the present analysis, G, Z, and O" matri-
ces are ignored in Egs. (25) and (28). All the struc-
tural and aerodynamic quantities used in this paper
are dimensionless values. The numerical values on
the structural parameters used in this investigation are
borrowed from Ref. 8.

3.1 Normal quasi-steady aerodynamic model

This section presents the results using the normal
quasi-steady aerodynamic model in which the lift is
represented by Eq. (5). Fig. 5 illustrates the results of
the stability analysis in time and frequency domains
for the aircraft speed range of 84-93 m/sec. Fig. 5(a)
shows the result of the time domain analysis for three
different speeds. The system remains stable until 90
m/sec; however, the aircraft becomes unstable when
its flight speed is increased to 93 m/sec. Fig. 5(b) is
the result of the frequency domain analysis for the
same flight speed range. When the system poles are
located on the imaginary axis, the system is on the
verge of flutter stability. If they are located in the
right half plane, the system is unstable. Again, it is
observed that the stability boundary is approximately
90 m/sec, which is considered to be a conservative
whirl flutter boundary for the present tiltrotor aircraft.

Passive control algorithms such as variations of the
pylon stiffness and the pitch-flap coupling (5, ) are
applied. Fig. 6 shows the result of the pylon stiffness
variation in time domain. As can be seen, the flutter
stability is improved by increasing the pylon stiffness.
The flutter boundary is almost linearly increased by
the increment of the pylon stiffness until 20% relative
to the nominal value. Fig. 7 shows improvements in
whirl flutter stability for the pitch-flap coupling from
-15 to 30° in the rotor system. Pitch-flap coupling is
one of the important parameters for the tiltrotor air-
craft design. Positive pitch-flap coupling, which is
defined as a blade flapping up producing a blade
pitching up, is represented by a negative o, in the
governing equation. Fig. 7 shows that both positive
and negative &, are influential upon the stability.
However there is an effective range of the pitch-
flap coupling which may improve the flutter stabil-
ity. In the present aerodynamic model, an optimum
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Fig. 5. Time and frequency domain results using the normal
quasi-steady aerodynamics.
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Fig. 6. Results with respect to the pylon stiffness at
V=90(m/sec).

pitch-flap coupling angle is found to be approxi-
mately 10°. When it is smaller or larger than 10°, the
system poles are closely located to an imaginary axis,
signifying a reduction in the dynamic stability.
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Fig. 7. Results with respect to &, at V=90(m/sec).

3.2 Greenberg’s quasi-steady aerodynamic model

Greenberg’s quasi-steady aerodynamic model has
a similar formulation with that for the previous nor-
mal quasi-steady aerodynamics. However, the lift
formulation has extra rate. According to Eq. (6), a
few first-order time derivative terms, which are #
and émf., are newly included in the present Greenberg
quasi-steady aerodynamics. Here, % is a velocity of
the flapping motion, which is due to —du,, and
éw. is an angular velocity of the pitching motion with
respect to an inertial frame.

Only the first-order perturbation terms are consid-
ered as it is done in the previous normal quasi-steady
aerodynamics. Then, the perturbation term of 6 . is

ref
organized as follows.

o0

o =—K,B+a, cosy +a,siny (30)

Substituting Egs. (29)-(30) into (7), the lift formu-
lation can be obtained, and then all the forces and
moments acting at a hub are expressed in the hub
reference frame.

Fig. 8 shows the results of the whirl flutter stability
in time and frequency domain using Greenberg’s
quasi-steady aerodynamics. According to the time
domain analysis, as in Fig. 8(a), the flutter boundary
is found to be 89 m/sec. Frequency domain analysis
provides the same result, as in Fig. 8(b). When the
flight speed is 89 m/sec, the system poles are located
on the imaginary axis. There is a slight difference
regarding the flutter boundary between the normal
and Greenberg’s aerodynamic models. Under the
present Greenberg quasi-steady aerodynamics, flutter
occurs slightly earlier than it does under the normal
quasi-steady one.
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Fig. 8. Time and frequency domain results using Greenberg’s
quasi-steady aerodynamics.

3.3 Full unsteady aerodynamic model

As mentioned previously, a quasi-steady aerody-
namic model is generally not capable of describing a
realistic aerodynamic environment occurring in tiltro-
tor aircraft. In this section, numerical investigation is
presented using Greenberg’s two-dimensional un-
steady aerodynamic model. The difference between
Greenberg’s quasi-steady and the full unsteady aero-
dynamics is the addition of the lift deficiency function
in the latter model.

Fig. 9 illustrates the time and frequency results for
the flight speed from 106 to 110 m/sec. According to
Fig. 9(a) and (b), the stability boundary is found to be
109 m/sec based on the full unsteady aerodynamics.
Thus, the critical flight speed at which an instability
occurs is predicted to be the highest under the full
unsteady aerodynamics.

Fig. 10 shows the result when varying the pylon
stiffness under the full unsteady aerodynamics. The
nominal flutter speed is based on the results in Fig. 9.
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Fig. 9. Time and frequency domain results using the full
unsteady aerodynamics.
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Fig. 10. Results with respect to the pylon stiffness based on
full unsteady aerodynamics.

It is apparent that the whirl flutter boundary is propor-
tionally improved when numerically increasing the
pylon stiffness until approximately 10% relative to its
nominal value.

Fig. 11 shows a comparison of the whirl flutter
stability in time domain among the three aerodynamic

150 200 250 300 350

0 50 100

—— V=90 (m/s) at normal quasi-steady
V=289 (m/s) at Greenberg's quasi-steady
"""" V=109 (m/s) at Greenberg's unsteady

Fig. 11. Time domain results at the respective flutter condi-
tion by each aerodynamic model.

Table 1. Comparison results for the flutter stability boundary.

Analytical model Flutter speed
109 m/sec (215 kts)

155 m/sec (305 kts)

Present model

Johnson [16]

Nixon [17] 146 m/sec (285 kts)
Hathaway [18] 154 m/sec (302 kts)
XV-15 [19] 153 m/sec (300 kts)

models used. The whirl flutter stability predicted by
the full unsteady aerodynamic model is higher than
the result from the normal quasi-steady aerodynamic
model is, by approximately 20%. Between the normal
and Greenberg’s quasi-steady aerodynamic model,
the stability boundary is underestimated by approxi-
mately 1% by the latter.

3.4 Comparison with other analysis results

The whirl flutter stability analysis result based on
the full unsteady aerodynamic model is compared
with the other existing analytical results and the full-
scale XV-15 aircraft flight test data. Table 1 shows
the whirl flutter stability boundaries obtained from
those cases.

The flutter stability boundary is predicted to be ap-
proximately 150 m/sec by most of the analyses, while
the whirl flutter occurs at 109 m/sec according to the
present model. Inclusion of the elastic wing mode is
believed to make such a significant discrepancy (ap-
proximately 28% difference). Johnson’s and Nixon’s
analytical models use a sophisticated elastic beam
model for the rotor blade and wing. Hathaway’s mod-
el uses a rigid blade with a blade flap and lag degree
of freedom, control system flexibility, and elastic
wing. However, the present analysis is based on a



3290 T. Kim et al. / Journal of Mechanical Science and Technology 23 (2009) 3281~3291

rigid-bladed rotor and pylon. The present analysis
does not include the elastic wing representation,
which suggests that the present analysis model needs
to be upgraded to a more sophisticated one for a bet-
ter flutter stability prediction. However, the present
propeller/nacelle flutter analysis is useful for the de-
sign purpose, although it is less sophisticated. Fur-
thermore, the present analysis is capable of including
the unsteady aerodynamic effect. A more conserva-
tive flutter boundary can be predicted with a simple
rigid blade structural model, while the other existing
analytical results are based on only quasi-steady aero-
dynamics.

4. Conclusions and future works

Time and frequency domain analyses are con-
ducted using a newly developed analytical model on
passive control methodologies for whirl flutter stabil-
ity in tiltrotor aircraft. The following conclusions are
drawn from the present study.

(1) A simple and fast simulation framework is devel-
oped, including an unsteady aerodynamic force
for the rotor in tiltrotor aircraft. It is a first attempt
to consider an unsteady aerodynamic effect in a
tiltrotor aeroelastic stability analysis.

(2) The two quasi-steady aerodynamics models pre-
dict the whirl flutter stability boundary at almost
the same flight speed.

(3) The full unsteady aerodynamic theory predicts the
whirl flutter instability to occur at a higher flight

velocity than quasi-steady aerodynamic models do.

Also, a comparison with the other analytical mod-
els, which includes the three-dimensional elastic
blade motion and elastic wing mode, shows a dis-
crepancy in the flutter stability boundary. Such
discrepancy can be attributed to the fact that the
present analysis consists of a propeller/nacelle
model in which only the flapping motion of a rigid
rotor blade is considered. However, other analyses
consist of a propeller/nacelle/wing model in which
the flap and lag motion of the rotor and the elastic
wing motion are utilized.

(4) Passive control algorithms, which consider vary-
ing the pylon stiffness and the pitch-flap coupling,
are found to improve the whirl flutter stability
boundary. It is found that each system has an op-
timum pitch-flap coupling value. Also, its stability
boundary is linearly increased in proportion to the
pylon stiffness. The stability results by the quasi-

steady aerodynamics are found to be more con-
servative than those obtained by the full unsteady
aerodynamic model.

In the future, the effects of the blade lead-lag mo-
tion and elastic wing will be added in the analysis to
predict more realistic tiltrotor whirl flutter stability. It
will increase the number of degrees of freedom in the
analysis from the present four to nine. Unsteady aero-
dynamic effect will be maintained in the new 9-DOF
analytical model in which three flapping ( 3,, 5,., and

B, ), three lagging (g, ¢,.,and ¢, ), and three wing
modes (torsion, vertical bending, and chordwise
bending) are included.
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