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Aeroelastic Stability Characteristics of a Composite Swept Wing
with Tip Weights for an Unrestrained Vehicle

I. Lottati*
Technion—Israel Institute of Technology, Haifa, Israel

An analytical investigation to determine aeroelastic flutter and divergence behavior of a composite, forward-
swept rectangular wing was conducted. It is assumed that the wing is carrying a fuselage at its semispan, a pylon
at the wing tip, and that the aircraft is in a free-flight condition (unrestrained vehicle). The influence, due to the
variation in the bending-torsion stiffness coupling of the tailored wing on the flutter and divergence critical
dynamie pressure, is analyzed. The paper discusses the influence of the warping effect on the system’s flutter and
divergence velocities. The aeroelastic ‘stability behavior of the system is obtained by applying an optimization
procedure that solves exactly the coupled bending-torsion equations of motion for the unrestrained swept-wing
aircraft. The results of the present study indicate that the warping effect significantly influences the system’s

aeroelastic characteristics.

Introduction

HE first wind-tunnel demonstration of aeroelastic tailor-

ing of advanced composites applied to forward-swept
wings (FSW)! showed that the orientation of a composite
laminated manufactured wing could significantly affect the
divergence speed of the system by introducing a bending-
torsion coupling stiffness. This coupling can be used to
alleviate the constraint of a lower divergence speed for the
FSW vehicle without the traditional weight penalty?
associated with it. Analytical studies and wind-tunnel testing3
helped to demonstrate the advantages of applying aeroelastic
tailoring to FSW’s introduced by using composites in aircraft
wing design.

The first analysis and tests performed on FSW configura-
tions were for cantilevered wing-type models. The flutter
speed of a cantilever FSW was calculaied to be higher than
the static divergence speed and was not considered as a par-
ticular problem of interest in FSW configurations. However,
analysis* and tests® that investigated coupling of the rigid-
body airplane pitch mode with the wing first bending mode,
for a free-flight vehicle, predicted a dynamic instability well
below the static divergence speed of the cantilevered wing.
The instability has been described as pitch/bending flutter or
body-freedom flutter. The coupling of the aircraft pitch
mode and the wing elastic bending mode has been reported
in the past by researchers investigating straight or slightly aft
swept wings.®” The importance of inclusion of body-
freedom modes in the analysis while investigating instability
of the aircraft is well known both in symmetric swept
wings®? and in asymmetric oblique wings'®!! (by including
the roll mode).

Since static aeroelastic divergence can be characterized as
flutter at zero frequency, onc should be alerted by the poten-
tial effects of inclusion of body-freedom modes upon
divergence. This problem is discussed in Refs. 12-16. The
importance of inclusion of the rigid body while investigating
the aeroelastic divergence of antisymmetrical oblique wings
was pointed out by Jones and Nisbet!” and Weisshaar and
Ashley. '8

The present work deals with the flutter and divergence of
an unrestrained FSW aircraft carrying weight (pylon) on its
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wing tips. It also focuses attention on the warping effect as
affecting the aeroelastic stability characteristics of the
system. The influence of the cross-coupling stiffness in-
troduced by composites on the flutter and divergence
velocities of the wing is also considered.

Aeroelastic Analysis of the Free FSW Aircraft

This analysis considers a high-aspect-ratio FSW, idealized
by a box beam with a planform as shown in Fig. la, which
derives all of its bending-torsion stiffness coupling from the
laminated composite upper and lower skins. The fiber orien-
tation relative to the spanwise reference axis is shown in Fig.
1b. The displacement assumptions are shown in Fig. lc.
Figure 1d indicates the pitch and roll of the fuselage as
related to the elastic deformation of the swept wing. The
uniform rectangular wing is taken as a beam-like surface car-
rying a fuselage at the semispan and concentrated weights at
the tips. It is assumed that the resulting box beam wing
structure is such that its deformation may be represented by
a bending deflection A(y), positive downward, along a
straight reference axis (the rotation axis of Fig. 1c) and a
rotation «(y), positive nose up, about the axis. In addition,
it is further assumed that thé wing chordwise sections,
perpendicular to the beam’s reference axis, are rigid so that
the wing deformation is a function only of the spanwise
coordinates, y. Hence, the deformation is assumed to be of
the form

w(xy)=h(y) +x,0(y) 10}

where
X, =x—ba

Using the box beam model, the equivalent bending and
torsion stiffness EI, and GJ, respectively, may be computed
by employing the strain energy method. The strain energy U
for a symmetric anisotropic laminated plate is given as!®

1 pb 2 2 2 2
o=y, 17, [P () vame -5
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where Dj; are the flexural moduli for N ply laminate w1th ply
argle orlentatlon 9 and w the transverse deflection of the
plate, positive downward (see Fig. 1b).

The kinetic energy is given by

ow )2 )
— ) dxd
p(ny)< Y Ly
2
) ax
y=1

Fo) dx ®

where p(x,») is the density of the wing, and p, (x) and p/(x)
are the density of the pylon and fuselage, respectively. b,,1
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Fig. 1 Slender swept-wing planform, lamina orientation displace-
ment assumptions, and a vector diagram of the elastic deformation

and the pitch and roll of a swept wing.
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and b‘,2 are the forward and rearward coordinates of the
pylon, respectively, while bfl and bf2 represent the fuselage
coordinates.

The virtual work expression is given by

5wsS;(—LM+Aﬁamy @)

where L is the aerodynamic lift; positive upward, and M the
aerodynamic moment about the wing rotation axis, positive
nose up. The aerodynamic forces due to the fuselage and
pylon are not taken into dccount in the analysis.
Applying the. principle of minimum potential energy, one
obtainis the following governing differential equations of
motions:

EI, oh +d Oa +K a3a‘+m h
PTgyt TR gy 3? ar
+mX‘ da =
e
3*h 3h o P«
—-K +S ——-—-GJ
dy ay* 3y’ ay* 6y2
3%h 3o
+mXe ar tla ar? )

where
b
m (: S , pdx) =mass per unit span
. b .
EI, (= S , Dzzdx) =beam bending stiffness
b .
GJ ( = 4S . D66dx> =torsional stiffness

=bending-torsional cross-coupling
stiffness. A positive K provides a wash-
in elastic coupling (bend up/twist up or
— AR/ + Aat)

y b
K<=2S  Dagix

. -
S(z S Dzzxf,dx) = torsional stiffness due to rigidity in
-6 tension (warping effect)

1 pe v .
X, (:—S px,,dx) = center of mass offset from rotation
mJ-b axis (positive aft)

b

I, <= S pxzdx) =section mass moment of inertia of the
wing (per unit span) about its axis
of rotation

b .
dy, (: S i Dy,x,dx= —abEI b) =coupling term due to a #0

b
dy < =2 S 5 Dyex,dx= — abK) =coupling terms duetoa=0

For the unrestrained aircraft, the boundary conditions are
as follows:
For y=0 (root section),

Shear:

3h Pa P
EI, % +d,, % +K %7
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Torque and moment:

3*h 3?h PFo da
cosA (dn % -K 2 +S % -GJ F )
2h Pa da
—Sln)\ (EIb a ) + d22 ayz +K ay )

3*h P«
+Mf<Ef'—at-i—+K} at2 /COS)\)=

No roll:
oh
— COSA —— +sink a=0
ay
Warpage:
3%h o da
d22 3y2 -+ S ayz + d26 ay = 0 (6)

where M; is half of the mass of the fuselage, E, the distance
that the center of gravity of fuselage lies behind the wing
axis of rotation and K the radius of gyration of the fuselage
about the wing axis of rotation.

The boundary conditions at the wing tip (y=1) are:

Shear:
3h 3o io
ET, % +d,, e +K %
2 2 a3k )
—Mp( P +E, COSA ~——— 32 +E, sin\ ayor
Torque
3h 3%h Pa da
- K -S +GJ
Do 5t 3y? 3y’ ay
2 20 PE
+M, cos)\( E, Ty —+K2 cos)\ +K2 smka 3 2)
Moment
d%h a da
EI, 3y +d,, 57 +K P
2 »
+M, sm)\( E, Y + K% cosh—— +K2 sin\ P at2>
Warpage:
32%h o dor
dzz ayz +S ayz +d26 ay =0 (7)

where M, is the mass of the pylon at the wing tip, E, the
distance that the center of gravity of the pylon lies behind
the wing axis of rotation, and K, the radius of gyration of
the pylon about the wing axis of rotation.

It should be noted that the formulations of Goland and
Luke? and Ruyan and Watkins?' are indentical to the pre-
sent expressions if one neglects the coupling terms d,, and
d»s (which results from the fact that a#0) for zero warpage
(S=0) and for an unswept wing (A=0). The aerodynamics
required to solve these aeroelastic equations generally varies
in levels of sophistication. Due to the complexity of the
problem and in order to establish trends, the unsteady aero-
dynamic strip theory?? shall be employed. The expressions
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for the aerodynamic forces are given in Ref. 23 as well as the
expression for the approximation of the Theodorsen func-
tion C(k) applied in the analysis.

The problem is solved exactly assuming an exact solution
of the form

h/b=Hee’” and a=Ae"e’" 8)

where n=y/1 and r=vEI,/ml*t are the nondimensional
spanwise coordinate and time. Furthermore, o =248+ iw, where
§ is the damping and w the frequency of the oscillating wing
(assumed real).

Incorporating the expressions for the assumed solution
[Eq. (8)] in the governing equation (5) and the boundary
conditions (6) and (7), one obtains the following nondimen-
sional set of equations:

(r*+02+QL)H+ (—ar*+k,r’* +x,0° + QL )A=0

(—ar* =k r* +x,0°—QM,)H

+ (s,7* —gr? + 10> — QM)A =0 ®
S 4
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Fig. 2 Frequency and damping of the fundamental aeroelastic
modes (first and second bending and torsion) and the rigid-body
mode vs dimensionless airspeed (the pylon is mounted).
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where
x,=X,/b, AR=1/b, ky=K/EI,
k,=k,R, s,=S/b’El,, g,=GJ/EI,
8 =8, (R)?, Iy=1,/mb*, Q=mpv*I*/EI,

where L,, L,, M,, and M, are the aerodynamic coefficients
(given in Ref. 23).
The boundary conditions are:

For =0 (root section),
PH+ (—ar* + kA +mo*(H+eA/cosh) =0
COSN[ (—ar® —k rP)H+ (5,1 —gor)A]
+ R sin\[ —r2H + (ar? —k,r)A]
+ myo*(eH + k3A/cos\) =0
—r cosANH + R sin\A =0
—arrH + (s, — ak,r)A=0 (10)

where m,;=M;/ml, e;=E;/b, and k;=K;/b.
For n=1 (wing tip),

{PH+ (—ar* +k M)A
—m,o?[(1+e,rsin\/R)H +e, coshA] }e’ =0
{((—ar* =k, rH)H+ (s,r* —ggr)A
—m,, cosho? [ (e, + k%r sin\/R)H + k} coshA] }e" =0
{(rPH+ (—ar* + k,rYA+m,(sin\/R)0*[ (e,
+k2r sin\/R)H + k3 coshA] }e' =0
[—ar’H+ (s,r?—ak,r)Ale =0 - (1

where m,=M,/ml, e,=E,/b, and k,=K,,/b.

To obtain a nontrivial solution, the determinant of the
system of equations (9) has to be zero [A(r,0) =0 forming
the characteristic polynomials in r and ¢ of the problem].
For prescribed o, the zero determinant condition
[A(r,0)=0] has to be applied to obtain the root r; of the
characteristic polynomials of the system. The roots r; with
the prescribed o must satisfy the boundary conditions given
by Egs. (10) and (11). Thus, to satisfy the boundary condi-
tions, the determinant of the set of linear equations [(10)
and (11)] has to be equal to zero [A,(r,0) =0] to reach a
nontrivial solution.

The combination of w and Q (minmum) fulfilling the con-
ditions A(r,06)=0 and A,(r,6)=0, which will bring the
system from neutral stability (6 =0) to instability (6 >0), are
the conditions at which the wing will undergo dynamic
(w#0) or static (w=0) instability. It should be noted that
whenever the warpage effect is neglected, the degree of the
characteristic polynomials A(r,6)=0 is reduced from the
eighth to the sixth degree and, thus, the two boundary condi-
tions associated with the warpage effect must be omitted.
The numerical procedure of the solution is outlined in the
appendix of Ref. 23.

As mentioned, the static aeroelastic divergence formula-
tion can be obtained from the dynamic expressions by
assuming zero frequency (w=0 and, thus, ¢=4).

Applications

In order to verify the accuracy of the flutter analysis, a
comparison study was conducted with the numerical example
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given by Goland and Luke.? This example consists of an
aircraft having a rigid fuselage and carrying a pylon in its
wing tips in a symmetric free flight (unrestrained vehicle).
The vehicle has a uniform rectangular unswept wing (R = 6.16)
of constant mass per unit span with the following properties:

m=149.5 Ib 1=19.4 ft
EI,=18.09x 105 Ib-ft? X, =0.16
GJ=4.68x 105 Ib-ft? a=-0.36
p=2.3769x 10~3 slug/ft3 e;= —0.455
m;=1.2757 e,=0
m, =0.3641 k;=2.2759
b=3.15 ft k,=0.6603 (12)

To test the efficiency and accuracy of the present
numerical method and for the sake of comparison, the
classical bending-torsion formulation?® is considered first
(hence dy, =d,g=S=0).

Figure 2 presents the variation of the frequencies and
damping of the first and second bending and torsion modes
vs the nondimensional velocity of the flow (¥ =uv/v,, where
v, =400 mph). Figure 2 illustrates how the frequency of the
first bending mode (1bd) drops while increasing the velocity
u until it interacts with the rigid-body mode (rbm) and flut-
ters at u, =1.556. The frequency of the first torsion mode
(1tr) also drops, while increasing the velocity u interacts with
the first bending mode and flutters at u, =1.620. Figure 2
shows that the second bending mode (2bd) interacts with the
second torsion mode (2tr) and flutters at an even lower speed
than the first bending and torsion modes (u,=1.474).
Goland and Luke® overlooked the fact that the first and sec-
ond bending modes encountered flutter; in their calculation,
the only mode that fluttered was the first torsion mode.
Housner and Stein®* worked out the same example and
found out that the first and second bending modes did in-
deed undergo flutter instability; their results are in very good
agreement with the results obtained herein (see Table 1). The
small differences between the results of the different method,
as given in Table 1, are probably due to the different types
of approximation for Theodorsen’s circulation function ap-
plied in the analysis. Recall that the results displayed in Fig.
2 are accurate at the flutter condition (6 =0) only, due to the
fact that the air forces have not been introduced in a suffi-
ciently general form to account for possible convergent or
divergent oscillations. It should be further noted that the
curves in Fig. 2 are labeled according to their origin at zero
airspeed. As depicted in Fig. 2, the frequency of the first
bending mode drops while the frequency of the rigid-body
mode increases as the velocity of the flow increases, causing
the elastic first bending mode to flutter. The frequency of
the first bending mode continues to drop (post flutter) as
the velocity increases until it becomes zero and diverges.
Studies*>26 on FSW’s in free flight reveal behavior similar to
that depicted in Fig. 2, indicating that the first bending mode
coalesces with the short-period mode, causing rigid-body pit-
ch/wing bending flutter or body-freedom flutter to occur. As
stated, the aerodynamic forces on the fuselage and pylon are
not taken into account, thus the rigid pitch mode plotted in
Fig. 2 is due to the aerodynamic forces on the wing only.
Nevertheless, the fuselage and pylon influence the stability
behavior of the system through the boundary conditions at
the root and wing tips. It should be noted that, for a static
unstable aircraft (e,>0 for the unswept wing), the rigid pitch
mode will diverge (w=0, §>0).

Figure 3 illustrates the variation of the flutter instability of
the three critical modes vs the distance of the center of grav-
ity of the pylon from the wing axis of rotation (e,). Figure 3



NOVEMBER 1987 COMPOSITE SWEPT WING 797
b
b, bug,
2.0 2.0
(Itr)\ \\Qd)
\ - CASET
\ - (Ibd) — ref. 20
(|bd) N 4‘_'/ S . /:/
" ~ CASE T - -
(2bd) _—" ~. ret20 (te)
- ~ //
| OF .ol
f
0.5+ 0.5
i 1 i ! 1 | » 1 1 1 I >
-0.3 -0.2 -0 0 O.l 0.2 0.3 ep 0 0.l 0.2 0.3 0.4 mp
FORE AFT

Fig. 3 Variation of the flutter velocity of the system due to
changes of the distance that the center of gravity of the pylon lies

behind the wing axis of rotation (e,).

Table 1 Flutter speed comparison for the Goland & Luke?® example
of a uniform rectangular unswept wing with attached fuselage and tip weights

in free-flight condition

Method of Flutter Flutter Mode of
computaton Description speed,?® u frequency,® w instability
Present Exact 1.620 3.701 1tr
Goland & Exact 1.637 3.654 1tr
Luke®
COMBOF, % 31 Finite- 1.630 3.654 1tr
difference
stations
SADSAM,¢ 2 10 Finite 1.630 3.703 ltr
elements
Present Exact 1.556 2.171 1bd
COMBOF 31 Finite- 1.544 2.168 ibd
difference
stations
SADSAM 10 Finite 1.538 2.168 1bd
elements
Present Exact 1.474 19.774 2bd
COMBOF 31 Finite- 1.465 19.743 2bd
difference
stations
SADSAM 10 Finite 1.493 19.408 2bd
element

2y is normalized by v r =400 mph. b4 is normalized by wrer=0.835 Hz. *Reproduced from Ref.

24.

Fig. 4 Variation of the flutter velocity of the system due to varia-
tion of the mass of the attached pylon (mp).
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Fig. 5 Frequency and damping of the fundamental modes vs
airspeed for the system without the pylon (m, =0).

shows that, as the location of the center of gravity of the
pylon is moved aft (e,>0), the flutter of the first torsion
mode drops significantly (case II of Ref. 20 is indicated for
the sake of comparison). Moving the center of gravity of the
tip weights forward (e, <0) causes the flutter of the second
bending mode to drop significantly. The results of Fig. 3 in-
dicate that a slight move of the pylon backwards will be
beneficial.

Figure 4 depicts the variation of the flutter velocity of the
critical modes vs the variation of the weight of the pylon at
the tip. The results plotted in Fig. 4 indicate that the flutter
speed of the first torsion mode increases as the pylon’s
weight increases, while the flutter speed of the second bend-
ing mode shows an opposite trend of behavior (the two
curves intersect at about m, ~0.3).

Figure 5 shows the variation of the frequencies and damp-
ing of the first and second elastic modes, including the rigid-
body mode, for the system without the pylon attached at the
tips (m, =0). The results of Fig. 5 show that the first bend-
ing mode interacts with the first torsion mode, causing the
first torsion mode to flutter and then at a higher velocity, the
first bending mode interacts with the rigid-body mode caus-
ing it to flutter (labeled 1bd mode in Fig. 4). It should be
noted that the flutter of the rigid-body mode changed to
divergence instability at a higher velocity (post flutter). The

J. AIRCRAFT
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Fig. 6 Variation of the flutter velocity due to changes in sweep
angle of the wing for the system without the pylon (mIJ =0).
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Fig. 7 Variation of the flutter velocity due to changes in sweep
angle of the wing for the system while the pylon is mounted.

second bending mode also encountered flutter, but at a
higher velocity than the flutter of the first torsion and rigid-
body modes.

Figures 6 and 7 show the variation of the critical flutter
velocity vs the sweep angle of the wing for the cases in which
the pylon is not or is mounted at the wing tips, respectively.
The results of Fig. 6 indicate that the flutter of the first tor-
sion mode is the lowest for all ranges of sweep angles (the
m, =0 case). The results of Fig. 7 (pylon mounted) indicate
that the flutter velocity of the first bending mode drops
significantly for backward sweep angles (reaching a
minimum around 15 deg sweep), while the flutter of the sec-
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Fig. 8 Frequency and damping of the fundamental modes vs
airspeed for a backward-swept wing (A =30 deg) while the pylon is
mounted.

ond bending mode drops appreciably for a forward sweep
angle (reaching a minimum around —20 deg sweep).

Figures 8 and 9 show the variation of aeroelastic behavior
of the elastic and rigid-body modes vs the flow velocity for a
backward-/forward-swept wing at a sweep angle of A} =30
deg, respectively, while the pylon is mounted at the tips. The
results of Fig. 8 (A=30 deg) indicate that the rigid-body
mode undergoes flutter (labeled 1bd in Fig. 7) and the sec-
ond bending mode encounters flutter.at a higher velocity. It
should be noted that, even though the first bending and first
torsion modes coalesce, neither of them undergo flutter.”

The results of Fig. 9 (\= —30 deg) indicate that the first
bending mode interacts with the first torsion mode and en-
counters flutter, but the second bending mode undergoes
flitter at a lower velocity as compared to the first bending
mode. It should be noted that the aeroelastic behavior of the
rigid-body mode, as shown in Fig. 9, indicates that it has
very low damping and frequency, indicating that the rigid-
body mode may be unstable if the wing is swept further for-
ward (the vehicle may become statically unstable). The in-
fluence of the couplng terms d,, and d,; and the warpage ef-
fect is subsequently addressed.

As can be seen from the characteristic equatlon ), the
coupling terms d,, and d, and the parameter s, can
significantly affect the stability behavior of the system. The
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Fig. 9 Frequency and damping of the fundamental modes vs
airspeed for a forward-swept wing (A= — 30 deg) while the pylon is
mounted.

inclusion of these parameters increases the degree of the
characteristic equation from the sixth to the eighth power.
Furthermore, these parameters affect the boundary condi-
tions of the problem and, thus, potentially might influence
the results.

Figure 10 presents the variation of the frequencies and
damping of the elastic and rigid-body modes vs the velocity
u, tdking into account the warping effect s, = 1/3 +4? (with
the pylon mounted at the tips). The main effect of including
the s, term results in an increase of the frequency of the sec-
ond bending mode (compare Figs. 2 and 10), and it alters the
aeroelastic behavior of this mode to undergo flutter instability
at higher velocity as compared to the sa=0 case. The in-
clusion of the s, term did not change the stability behavior
of the rigid-body mode and the first bending and first tor-
sion elastic modes.

Figure 11 shows the variation of. flutter velocity vs the
sweep angle of the wing, takmg into account the s, terms.
For the sake of comparison, the results of F1g 7 are
reproduced in Fig. 11. The comparison depicted in Fig. 11
reveals that the first torsion and first bending modes are not
influenced by the inclusion of the warpage, while the second
bending mode is 31gn1f1cantly influenced by it. The results of
Fig. 11 also indicate that by sweeping the wing forward one
can significantly raise the flutter velocity of the wing (the
vehicle has to be statically stable).
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Fig. 10 Frequency and damping of the fundamental modes vs
airspeed for an unswept wing while including the warping term in
the analysis (the pylon is mounted).

Figure 12 shows the variation of the system’s flutter
velocity vs the cross-coupling stiffness &, introduced by the
composites while including the s, terms. The results of Fig.
12 indicate that the flutter of the first bending mode drops
significantly for a postitive cross coupling (bend up/twist
nose up), while the flutter of the first torsion mode drops
significantly for a negative cross-coupling stiffness. Thus, if
the wing is to be swept forward, a positive cross coupling
will be preferable to alleviate significantly the flutter in-
stability of the system.

Figure 13 presents the variation of the frequencies and
damping of the elastic and rigid-body modes vs the velocity
u taking into account d5, and d,; while including the warp-
ing (with the pylon mounted at the tips). The main effect of
including the coupling terms d,, and d¢ is that the first tor-
sion mode flutters at a lower velocity as compared to the
dy =d,; =0 case (Fig. 10) and the first bending mode does
not undergo instability. The results of Fig. 13 indicate that
although the rigid-body mode coalesces with the first bend-
ing and first torsion modes, it does not undergo flutter
instability.?’

Figure 14 shows the variation of flutter velocity vs the
sweep angle of the wing for various values of cross-coupling
stiffness, taking into account the dy, and d,¢ coupling terms
including warping. The results of Fig. 14 reveal that in-
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Fig. 11 Comparative study of the variation of the flutter velocity
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without the inclusion of the warping effect (the pylon is mounted).
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Fig. 12 Variation of the flutter velocity of the system due to
changes in the cross-coupling stiffness coefficient (k,) while in-
cluding the warping term (the pylon is mounted).

troducing positive cross coupling may alleviate significantly
the flutter of the forward- or backward-swept wing (the first
bending mode does not flutter for k,=0.1). The divergence
instability of the system is considered subsequently.

As stated, the divergence is defined as static instability
(w=0, 6>0) and may be computed from the dynamic for-
mulation by letting the frequency be zero. First, we will deal
with the simplest case, namely, an unswept wing with zero
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Fig. 13 Frequency and damping of the fundamental modes Vs
airspeed for an unswept wing while including d,,, d,¢, and the warp-
ing term in the analysis (the pylon is mounted).

cross coupling, while d;, =d,s =5, =0. For this case, assum-
ing the system to be on the onset of divergence and, thus, the
governing equation associated with the torsion mode reads
{Eq. 9]

i

—&y

where a, =Y +a (equivalent to e, the distance between wing
quarter-chord and the rotation axis) and the boundary condi-
tions are [Egs. (10) and (11)]

do

at 7=0 and =1 (14)
an

Investigating the instability of the preceding problem reveals
that the system does not have a distinct divergence mode (in-
finite dynamic pressure) as compared to the cantilevered
wing type. This fact means that the only way that an
unrestrained aircraft may diverge is in a post-flutter situa-
tion. Indeed, Figs. 2 and 10 show that the first bending
mode undergoes divergence, Fig. 5 shows that the rigid-body
mode undergoes divergence; and Fig. 13 shows that the first
torsion mode undergoes divergence always in a post-flutter

features to study the stability of an unrestrained vehicle.
Some interesting aspects of the influence of the weight of the
pylon attached at the wing tips are studied while incor-
porating the boundary conditions of unrestrained aircraft in
the analysis. The study indicates that the warping effect and
coupling terms have a significant influence on the dynamic
behavior of the system. Furthermore, it is shown that the
aeroelastic tailoring of the wing can alleviate appreciably the
flutter instability of the forward-swept wing configuration.
Unlike the cantilevered wing-type configuration, the flutter
instability of the unrestrained vehicle is more critical than the
divergence mode of instability.
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