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Experimental Aeroelastic Behavior of Forward-Swept
Graphite/Epoxy Wings with Rigid-Body Freedom

Gun-Shing Chen* and John Dugundjit
Massachusetts Institute of Technology, Cambridge, Massachusetts

An analytical and experimental investigation was made of the aeroelastic flutter and divergence behavior of
graphite/epoxy forward-swept wings with rigid-body pitch and plunge freedoms present. A complete, two-sided,
30 deg forward-swept wing aircraft model was constructed and mounted with low-friction bearings in a8 low-
speed wind tunnel. Four different ply layup wings could be interchanged on the model, namely, [0,/90],,
[15,/0], [30,/0],, and [ — 15,/0]. Wind-tunnel tests on the ““free’’-flying models revealed body freedom
flutter, bending-torsion flutter, and a support dynamic instability that could be eliminated by proper adjustment
of the support stiffness. Good agreement with linear theory was found for all the observed instabilities. Addi-
tional tests on the models with rigid-body pitch only gave lower critical speeds, while tests on the cantilever wings
gave higher speeds. The [15,/0] wing gave the best tailored aeroelastic behavior.

Introduction

ENEWED interest in forward-swept wing configurations

has lately inspired many studies concerning the aero-
elastic behavior, aeroelastic tailoring, and active control
technology for such wings. See Shirk et al.! for a recent
comprehensive survey of the subject. The early studies of
forward-swept wing aeroelasticity concerned themselves
mostly with the flutter and divergence of cantilever re-
strained wings. See, for example, Refs. 2-5. Recently,
however, several authors®® pointed out the significant ef-
fects of rigid-body motions in modifying the cantilever
aeroelastic behavior. Since the bending frequency of a
forward-swept wing is lowered due to the approach to wing
divergence, a new low-frequency ‘‘body freedom flutter’’
coupling wing bending with the aircraft rigid-body pitch and
plunge motions becomes possible in free flight. This effect
was explored on a limited basis in Ref. 6 by a simple half-
plane model without a canard and rigid-body plunge motion
present and gave some initial trends. Further work on a
large, half-plane aircraft model was done at NASA Langley
and is reported on in Ref. 10. Generally, however, the ex-
perimental data on this effect for forward-swept wing air-
craft are limited.

In previous investigations at MIT, the aeroelastic behavior
of unswept and forward-swept graphite/epoxy cantilever
wings was studied experimentally.!!"'> The present paper ex-
tends these investigations to include the effect of rigid-body
freedoms on the aeroelastic behavior. A generic, full-span,
30 deg forward-swept wing aircraft model was constructed
and mounted with low-friction support bearings in MIT’s
low-speed tunnel (Fig. 1), using nominally the same wings as
in previous cantilever tests. The model was statically stable
with a measured static margin of 18%. The effects of
aeroelastic tailoring in ‘‘free’’ flight were explored by four
different wing layups, namely, [0,/90],, [15,/0],,
{30,/0],, and [ -15,/0],.
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Analysis

The flutter analysis of an aircraft in steady flight is for-
mulated by the Rayleigh-Ritz approximation. The develop-
ment of the mathematical model governing the pure
longitudinal motions considers small disturbances from a
steady rectilinear flight. The small disturbances include the
vehicle rigid-body motions and elastic deformations and are
described in an axis system moving steadily with the vehicle
in the still air. For steady level flight, these axes can be con-
sidered fixed in space while the air is flowing oppositely at
constant speed and are identical to the tunnel support axes as
shown in Fig. 2.

The analysis hypothesizes an aircraft with flexible wing,
rigid fuselage, and canard surface. Any vertical displacement
of the aircraft with respect to a space-fixed horizontal plane
is approximated by a superposition of the assumed modes,
i.e.,

7
W(x:)’,f) = E Yi (X»J’)ql(f)

i=1

= 2,9 (»)g; (1) ¢)]
1

Fig. 1 Forward-swept wing aireraft model.
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The assumed modes v;(x,y) include vertical translation or
plunging, pitching displacement about the aircraft center of
gravity and five elastic modes. These elastic modes represent
wing deformations relative to the wing root position for the
rigid-fuselage assumption. Using the same elastic modes
given in Ref, 12, the seven assumed modes are

1 (x)=1

#(x)=1

¢4 (X) = first cantilever beam bending mode
¢, (x) =second cantilever beam bending mode
&5 (X) = sin(wx/2f)

bg (%) =sin(37x26)

& (X} =%/8 (1 —%/0)

Vi) =1

() =y

Y3 () =1

vy () =1

Vs (P)=y/c

Ve (7)=y/¢

Y7 (9) = [4(3/¢6)* — 5]

Following as in Ref. 12 for these modes, the kinetic energy T
for the aircraft is

1

T=—o0 v2
2 SA/C mwdxdy 2)

where (()=p/uf and m is the mass per area in the x—y
plane. The total potential energy for the aircraft contains
only the strain energy of the elastic wing, i.e.,

1 2
=—§ Dy Wi + 2Dy W, W, 55+ Dy W
wing

+ 4D16 W,Xiw,i}; + 4D26 W,);}; w, b

+4Dgw?,; 1 d%dy R&)

where w,, denotes dw/dx and so on and the D;; are laminate
bending stiffness terms for the wings from classical laminate
plate theory. In analyzing the tunnel-supported configura-
tion, the additional potential energy terms given by the sup-
port mechanical springs are

U= l/Zqulz+ l/ZKquz (4)

where K, and Kg are the support plunge and pitch spring
rates. Placing the kinetic and potential energy terms into
Lagrange’s equations results in a set of ordinary differential
equations of motion

M{4}+K{q}=1{Q} 3

where M and K are generalized inertia and stiffness matrices

and {q}=1[q,, g2, G5, 44, G5, 6> q;]7- The generalized
force {Q} is derived from the expression of the virtual work
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Fig. 2 Mathematical model and axis system.

oW, as

oW, = g Ap dw dxdy
A/C

= Luoay8a1 + Moy + | Ap 6w dxdy ©

where ““body”’ denotes contributions from the canard/
fuselage combination. Using the airloads described by two-
dimensional streamwise-strip theory, the virtual work expres-
sion is then

SW, = Lyoayd; + Myoa, 5, +S  (Loh+ Mbo+ Not)dx
g wing

7
= Y 0iéq; %

i=1

where the sectional deformations across the wing are defined
and expressed in terms of the assumed modes g; as

h=q + (y,—XsinA)g, + ¢39; +d4q,
=g, —(b3,2q3 + &4,:4,4) SiNA
+1/¢(¢sqs + degg) cosA
E=dvq, ®

Since the streamwise section is not normal to the structural
span of a swept wing, the sectional twist and camber change
are approximated by the assumed modes in Eq. (8). In here,
A and y,, would both be negative values for a forward-swept
wing aircraft.

Because of the inherent aeroelastic destiffening of the
forward-swept wing and the aerodynamic stiffening of the
short period mode, the interaction between the elastic and
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r1g1d body modes is of great interest. To descnbe the strff-
ness and damping characterrstlcs of these’ mddes. as alrspeed
incteases, airloads due to the arbitrary transient wing mo-
tions are convenient. For the presernit study, two-dimensional
incompressible strip theory -airloads were used and the
Theodorsen function was approximated in the Laplace do-
main by the rational polynomial

C(p)=(ap+B)/(p+B) ®
where ¢=0.55, 8= 0 15 p is the d1mens1onless Laplace
variable p=pb/U, and p= g+ iw. This simple functron gave
a reasonable fit to the Theodorsen function over reduced fre-
quencies k=bw/U from O to 1. The transient airloads could
then be described in the Laplace domain as

L(p)=2xpU2b cosA
(1B + Biab+ Boa + Giab/ (B+8) 1 /b
+ [Bésﬁz +Bighp+Bog + Gwﬁﬂﬁ"‘ﬁ) la&
+ [Bycp? + Bich+Boc+Gicp/ (5 +8)1£/b)
M(ﬁ) = etc.
N(5) = ete. (10)

In Egs. (10), the B,,, Bl 4> Boa, and G, 4 coeffrcrents repre-
sent the -aerodynamic mass, damping, stiffness, and lag
terms, respectively. Placing Egs. (10) into Eq. (7), introduc-
ing A, o, and £ from Egs. (8), and deéfining seven new
augmented state variables y; such that

Yi(p)=p/(p+B)§;(p), i=1-7 (11)
allows one to write the generalized éero‘dyna'mic forces in
transient form-as

E (Qf}q, +Q%q;+05q;+0Py;) (12)

Vi +BU/b y;=q;; i=1-7 (13).

where the Q; are the aerodynamic matrices derived from the
virtual work expression. These atigmented states increase the

Fig. 4 MIT acoustic wind-tunnel setup.

order of the system; but allow the convenience of the linear
eigenvalue analysis of the constant-coefficient ordinary dif-
ferential equations. The differential equations representing
the aerodynamic lags are incorporated into the aeroélastic
equation of motions as

1 0 0 q
0 M-g%) 0 g
0 0 I y
0 I 0 q
= | (@°-K) (@P-C) QP |{4|
0 I -H ]|y (14

where I is the identity matrix and H is 8U/b I. This yields a set
of 21 first-order differential equations. For given. values of
dynamic pressure, the transient behavior and stability charac-
teristics are detérmined by setting g = ge”* and y = ye?" and find-
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"Fig. 5 Aerodynamrc coefflclents for aircraft model.

ing the eigenvalues p in Eq. (14). The flutter and divergence
boundaries are determmed by solving the successive eigen-
value problems. The transient aeroelastic behavior is
represented by the associated elgenvectors If the assumed
elastic modes are equal to zero, the above stability analysis
reduces identically to the r1g1d ‘aircraft ' dynamic stablllty
analysxs in the’ space-flxed axis system. .

It should be noted that, while unsteady arrloads are desired
for .the wmg transient behavior, quasisteady lift and moment
expressions associated with the overall aircraft rigid body mo-
tions are also ‘used. The canard/wmg/ fuselage interaction is
accounted for by usmg the empirical aecrodynamic derivatives
Cras CM,,, and CM,,, in the total lift and moment expressions

L=45,C.,9,-35,Cp,4:/U~ qu.cCquz/U

M= qucCM o, —qS,cCy, a,/U+ quC2CM. dz/(_] as)
where g is the dynamic pressure, S,, the total wing area, and ¢
the mean -aerodynamic chord length .

" 'Also, it is to be noted that, since modern control theory is
well developed for systems described by finite-order, constant-
coefficient ordinary differential equatlons, the other motiva-
tion for using transient dirload expressrons is the potential of

active control design 1nteractron with the aeroelastlc analysrs

Experiment
Wind-Tunnel Model Support System, and Instrumentatlon

For the purposes of this investigation, a generic, full- -span,
forward-swept wing aircraft model was constructed. Figure 3
shows' the layout of the aircraft model. The principal com-
ponents are 1) the 1nterchangeable, 30 deg forward- -swept,
graphite/ €pOXy flat-plate wmgs, 2) a sturdy fuselage of balsa
wood, and 3) a rigid, all-moving canard surface:

The wing planform was chosen to be the same as those in
Refs. 11 and 12, such that the present study complemented the
previous cantilever wing studies and isolated the effect of
rigid-body freedoms. Instead of using semispan wing models
as in Refs. 11 ‘and 12, full-span wmg models were fabricated
by bonding two 305x76 mm (12% 3 in.) laminate plates onto
the fiberglass center plate in the 30 deg forward-swept con-
figuration. The laminate plate wings were made up of Her-
cules AS4/3501-6 graphlte/ epoxy materials. The effects of the
aeroelastic tailoring were demonstrated by a set of four wings
with bendmg/twrstmg couplmg in both favorable and adverse
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Table 1 Alrcraft model and support properties
Mass = o 0956kg
Pitch inertia 0.0178 kg-m?
Wing mass 0.054kg
Wing span 0.612 m
Wing swept angle —30 deg
Wing area 0.0538 m?
Wing aspect ratio 7
Canard area 0.0126 m?
Fuselage length 0.8 m
Model plunge frequency 0.63 Hz
Model pitch frequency (support 1) 0.20 Hz
0.85 Hz

Model pitch frequency (support 2)

fashions, namely, [0,/790],, [15,/0],, [30,/0]},, and
[—-15,/0]; layups. These specrmens span the bend-
1ng/tw1st1ng couplmg stlffness ratio Dm/\/ 11Dss from
=0.68t00.80.

The wind-tunnel investigation of the body freedom'flutter
requires that the dynamic behavior of a freely flying model
be simulated. In the wind-tunnel 'study, however, the model
generally must be somehow restrained and the behavior. may
be altéred to a certain degree by the support system. Without
careful consideration-of the dynamics of the overall system,
an inherent support instability mayexist. Various model sup-
port systems were studied for the MIT low- speed acoustic
wind tunnel, which has'a 1.5 % 2. 3m (x7.51t) freejet test
section. The general requirements were to have a soft, stable,
and simple model support system with negllglble moving
mass and low aerodynamic interference, which' was well
below the predrcted body freedom flutter frequency ‘of 2-3
Hz. Because of the model weight, the preselected wing plan-
form was not able to fly the model completely. This
overweight factor, together with the réquirement of soft sup-
port, led to the selection of a vertical rod support system.
The vertical rod support $ystem was initially developed by
the Boemg Airplane Company and has been successfully
used in. low-speed wind-tunnel tests. 13 The modified support
system for the MIT acoustic wind tunnel included 1) a 1.83
m (6 ft) long, vertlcally installed, case-hardened steel rod
with a 19 mm (3% in.) diameter, 2) a Thomson super-12
linear bearmg sliding on the rod and attached to the fuselage
through a pitch bearing mount located at the model center of
gravity, 3) a soft helical spring attached to the linear bearing
that suspended the ‘model from the top of the vertlcal rod,
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4) a pair of linear springs attached to the pitch gimbals at for-
ward and aft extended arms that provided the support pitch-
ing stiffness, and 5) snubber cables attached to the fuselage
at the nose and tail locations that lead outside the test sec-
tion to control sticks. With this test setup, the model was
softly restrained in the plunge, pitch, and yaw motions, but
totally restrained in the roll, lateral, and fore-and-aft mo-
tions except for some slight free play between the linear
bearing and rod. Figure 4 shows the layout of the wind-
tunnel setup. Details of the model properties and support
characteristics are given in Table 1. )

Varied instrumentation was used to determine the aero-
elastic behavior, including the model rigid-body motions and
wing elastic deformation. The wing root bending and.torsional
strain gages on both sides of the wings monitored the wing
motions. A low-friction, conductive film-type potentiometer,
flexibly connected to the pitching axle and firmly mounted on
the outside of the fuselage, monitored the model’s pitch mo-
tion. A 203 mm (8 in.) long, 0.51 mm (0.020 in.) thick, can-
tilever steel beam with a root strain gage was mounted near the
top end of the suspension spring to record the model’s plunge
motion. The wing gage signals were monitored on an
oscilloscope. A four-channel strip chart recorder recorded the
pitch and plunge signals and the selected side of the wing root
bending and torsional gage signals. The left-side wing, facing
the tunnel control station, was usually recorded, while the
right-side wing was occasionally recorded for comparison pur-
poses. During the tests, video movies of the model responses
were also taken for future replay and demonstration.

Aerodynamic¢ Tests

The model center of gravity was located slightly below the
pitching axle such that a stable pendulum mode was ob-
tained. To maintain a common reference angle within a test
and among other tests, an on-site model balancing was
developed as a standard pretesting procedure. With the wind
off, the model was balanced in the horizontal position,
defined by a level and a tail position scale, by placing
balance weights atop the fuselage. After the model was
balanced, the pendulum stiffness was measured by placing
incremental counterbalancing weights at positions 6 in. in
front of and behind the pitching axle and reading the cor-
responding pitch angles. From the counterbalancing moment
vs pitch angle plot, the pendulum stiffness was found.

The aerodynamic characteristics of the *‘rigid”” model
were obtained on the actual model at 5 m/s to avoid
aeroelastic effects. For the [0,/90], wing, this testing speed
was only 6% of the wing divergence dynamic pressure. The
procedure of placing counterbalancing weights and reading
pitch angles was similar to that of the pendulum stiffness
measurement except that the tunnel was now running at a
low speed. At each pitch angle, the pure aerodynamic mo-
ment was calculated by subtracting the corresponding pen-
dulum moment from the counterbalancing moment. Also,
the net lift was calculated by subtracting the counterbalanc-
ing weights from the corresponding spring forces. The lift
and moment coefficients were then plotted against the pitch
angle. This procedure was repeated for several canard set-

tings to determiné the proper range of canard setting for ‘

flight trimming. The typical canard settings tested were O,
+2.5, and +5 deg.

Cantilever Wing Fluiter Tests

The cantilever wing configuration was set up by blocking
the model’s plunging freedom with top and bottom stops
and varying the wing root angle of attack, i.e., the model
pitch angle, with the help of the snubber cables. The testing
procedure explored the linear and nonlinear flutter and
divergence boundaries. The testing variables were wind-
tunnel speed and wing root angle of attack (0-15 deg). At
each incremental speed setting, the flutter point was deter-
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mined by gradually increasing the wing root angle of attack
in both the positive and negative sense until flutter was en-
countered. This procedure was repeated until the flutter or
divergence condition could not be suppressed for any setting
of the wing root angle of attack. In other words, the positive
sense of the critical angle of attack coincided with the
negative one.

Body Freedom Flutter Tests

The testing procedure explored the body freedom flutter
boundary of the *‘free’’-flying model. The tunnel speed was
the only primary variable. A secondary variable was the
pitch angle of the trimmed steady flight controlled by the
canard setting. Canard settings were chosen to make the
trimmed pitch angle slightly positive, i.e., about 2 deg, since
models flown at this angle had the most linear moment
characteristics and a positive lift to raise the model into the
middie of the test section. For the given canard setting, the
flutter point was determined by increasing the tunnel speed
until body freedom flutter was encountered. At each in-
cremental speed step, subcritical measurements, namely the
frequency and critical damping ratio, were made. The pitch
and plunge motions were excited by external ‘“kicks’’ at the
tail and near the center of gravity locations. The wing elastic
responses were also excited at the wing tip location. The ex-
ternal ‘‘kick’’ was accomplished by using a long wooden
stick reaching the model from downstream. In general, this
technique was easy and effective, but it became more dif-
ficult and dangerous as the tunnel speed was increased. The
danger arose from the large increment in the aerodynamic
forces resulting from a minor pitch angle increment at high
dynamic pressures. The model tended to fly instantly beyond
the traveling limits. Without an active compensation scheme
in addition to the manual snubber cables, the consequence
could be catastrophic. As a result, the subcritical measure-
ments were skipped at high speed.

For comparison purposes, the body freedom flutter of the
model free in pitch only was also tested. The pitch-only con-
figuration was set up by blocking the model plinging
freedom. The control variables and testing procedure were
the same as those used in the testing of the model free in
pitch and plunge. Due to the absence of the plunge freedom,
the risk of catastrophe was largely reduced. Excessive pitch
angle was automatically limited by the aerodynamic non-
linearity.

Results and Discussion

The lift and moment coefficients of the aircraft model are
shown in Fig. 5. The aerodynamic derivatives defined in the
tunnel axis are given by the linear portion of the lift and mo-
ment curves. The results show the values of C;,=5.33 and
Cue = —0.97, which give the aircraft model an 18% static
margin. Wing vibration frequencies were measured by
ground vibration tests before the wind-tunnel tests. Table 2
gives the measured and calculated natural frequencies of the
four graphite/epoxy wing components. For the [15,/0], and
[30,/0], wings, the designations of first torsion and second
bending are somewhat vague because of strong stiffness
coupling.

Table 2 Natural frequencies of wings, Hz

First bending _ First torsion _Second bending

Wing Calc. Exp. Calc. Exp. Calc. Exp.
[0,790] 11.1 114  36.2 376 69.3 71.8
[15,/0]4 8.4 9.0 46,7 453 58.7 64.3
[30,/0], 5.6 5.8  40.5 37.4 60.6 58.4
[-15,/0], 8.4 8.8 46.7 45.8 58.7 64.0
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Cantilever Wing Divergence and Flutter

For comparison purposes, the linear and nonlinear flutter
and divergence boundaries of the cantilever wing were tested
and are presented in Fig. 6. Because of the flexibility of the
wing model, aerodynamic nonlinearity, i.e., wing stall,
would occur before the model was overstressed or failed.
Aeroelastic instability was thus safely encountered and
observed in the form of limit cycle oscillation. Linear
aeroelastic phenomena, i.e., wing divergence and bending-
torsion wing flutter, were interpreted at low fuselage (wing
root) angles of attack.

The cantilever wing results shown in Fig. 6 are similar to
those given earlier in Ref. 12. For the [15,/0] and [30,/0],
wings, bending-torsion flutter occurred at low fuselage angles
of attack. At higher angles, the bending-torsion flutter
gradually changed to torsional stall flutter with an accompa-
nying increase in the flutter frequency toward the single-
mode torsional frequency and a decrease in the flutter speed.

. Calculations of the linear bending-torsion flutter speed given
in Table 3 showed good agreement with experiment at low
angles of attack. For the [0,/90], and [-15,/0], wings,
divergence occurred at low fuselage angles of attack. This
divergence condition was noted when the fuselage angle of
attack could not be set small enough to keep the wing from
“flipping over” to either one side or the other. At higher
fuselage angles, the static divergence quickly changed to
either a torsional stall flutter ([0,/90], wing) or a bending

30

31 H [02/90)g Wving A
: (152/0}s Wing 0O
[302/0)g Wing O
/'15 [-152/0)s Wing O
§ 45 Hz e/o/
» 20
E
> 63 Hz
S 42 Rz
o
o
> (-152/015
7 Hz
° 44 1z
0 t 1 s 1y | \ ,
o 5 10 15 20

WING ROOT ANGLE OF ATTACK (daegq)

Fig. 6 Cantilever wing flutter and divergence boundaries.
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stall flutter ([ —15,/01, wing), with an accompanying
decrease in flutter speed. Calculations of the linear
divergence speed given in Table 3 showed good agreement
with experiment at low angles of attack.

Body Freedom Flutter and Support Instability

Body freedom flutter was predicted by the linear analysis
and was observed in the wind-tunnel tests. There also ex-
isted, however, an additional tunnel support-related dynamic
instability involving the model plunge and pitch motions.
Before describing the body freedom flutter results, this tun-
nel support instability will first be discussed.

The original pitch support system involved no mechanical
pitching stiffness except for a small amount of pendulum
stiffness that gave it a 0.20 Hz pitching frequency in still air.
Together with a 0.63 Hz plunging frequency resulting from
the suspension spring, the analysis of a two-degrees-of-
freedom tunnel-supported ‘‘rigid”’ model showed that a sup-
port instability would occur at 8 m/s and end at 31 m/s. The
complete seven-mode aeroelastic analysis showed that wing
flexibility could significantly modify the termination speed

6 Calc. Exp.
Cantilever Wing Flutter  ee—se—s A
Cantilever Wing Divergence —=——=— A
50 | Body Freedom Flutter ]
Support Instability 277774 [ J
S
+F]
<
240t ”
>
=
8 30
—
Lt
>

O 1 1 1
-30 -5 0 15 30 45
PLY ANGLE (dem
[82/0]s

—_

Fig. 7 Flutter and divergence boundaries for ‘‘free’” model.

Table 3 Divergence, flutter, and support instability

[0,/90], [15,/0]1, {30,/0], [—15,/0]1,
Calc., m/s Exp., m/s Calc.,, m/s Exp., m/s Calc.,, m/s Exp., m/s Calc.,, m/s Exp., m/s
Wing (Hz) (Hz) (Hz) (Hz) (Hz) (Hz) (Hz) Hz)
Cantilever wing 21 21 >60 — 45 — 13 14
divergence
Cantilever wing 23 — 28 30 38 >30 >60 —
flutter (23) (30) 31 (33)
Model on support 1? 8-11 10-12 8-21 10-20 8-16 10-23 6-9 7-11
support instability (0.5-0.6) (0.5-0.6) (0.5-0.6) (0.5-0.6) (0.5-0.6) (0.5-0.6) (0.5-0.6) (0.5-0.7)
Model on support 1 16 19 >60 >30 24 26 10 13
body freedom flutter 2.1) 2.7 2.1) 1.7 (1.3) 2.1)
Body freedom flutter 13 17 >60 22 18 19 8 10
(free in pitch only) (1.5) (1.9) (1.4) 1.4) (1.2) 0.9) (1.0)
Model on support 2P 16 20 > 60 >30 23 27 10 13
body freedom flutter (2.3) 2.8) 2.1) (1.8) (1.6) 2.3)
“Free’’ model 15 NA > 60 NA 22 NA 9 NA
body freedom flutter 2.0) (2.0) (1.2)

2Support 1: original pitch frequency =0.20 Hz. bSupport 2: modified pitch frequency=0.85 Hz.
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of the support instability but not the onset speed. This was
due to the small aeroelastic effect at the lower dynamic
pressure and the significant effect at the higher dynamic
pressures. The aeroelastic effect on the termination speeds
was found to follow the tendency of the body freedom flut-
ter, which became critical after the support stability was
recovered. Figure 7 and Table 3 show the calculated and
observed support instabilities and their good agreement for
the four wings. Figure 8 shows an example of support in-
stability where the model was seen to plunge unboundedly
until it hit the top and bottom plunge stops. During the tests,
the support instability appeared mild and could be flown
through if the model was not given much of an initial
disturbance.

The support instability arises from the interaction of the
pitch and plunge modes of the “rigid’’ model. Since the
pitch frequency increases with airspeed due to aerodynamic
stiffening while the plunge frequency is independent of
airspeed, there will be a frequency coalescence and mode
transfer if the pitch frequency in still air is below the plunge
frequency. Figure 9 illustrates the coalescing trends and
mode transfer on an w-V plot. To suppress this support in-
stability, the original pitching frequency of 0.20 Hz was
modified to 0.85 Hz by adding mechanical pitching springs
so that now this frequency was above the plunge frequency
of 0.63 Hz. This modified support system was tested and
showed no signs of the support instability previously en-
countered. Figure 10 shows the frequency trend of the
modified support system.

Body freedom flutter was observed during the tests
wherever it was analytically predicted. Figure 11 shows an
example of body freedom flutter for the [0,/90], wing. The
wing bending was approximately in phase with the model
pitch, while the plunge motion was about 180 deg out of
phase, and the flutter mode exhibited a nodal point near the
model nose position. The flutter frequency was at 2.8 Hz
compared with the 11 Hz wing bending frequency and the
0.85 Hz model pitching frequency in still air. The body
freedom flutter arises from the interaction of the aero-
elastically destiffening wing mode with the aerodynamically
stiffening rigid-body short period (pitch-plunge) mode.
Figure 10 shows the coalescing trends of these modes on an
w-V plot for the [0,/90], wing, along with the major fre-
quency components.
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The body freedom flutter results of various wings tested
are summarized in Table 3. Good agreement between
calculated and observed instabilities was obtained for almost
all cases. A typical calculated root locus plot using the seven-
mode analysis is shown in Fig. 12. Also, it is seen from
Table 3 that the presence of the support instability did not
affect the body freedom flutter either analytically or ex-
perimentally. In Fig. 7, the predicted and measured body
freedom flutter boundaries are compared with the cantilever
wing divergence boundaries. The body freedom flutter is
shown to be more critical than the wing divergence. The air-
craft model with the [15,/0], wing demonstrated the best
tailored aeroelastic behavior for all wings tested. Within the
30 m/s tunnel speed limit, no body freedom flutter was en-
countered. With the model steadily trimmed at a 2 deg pitch
angle, bending-torsion wing flutter was observed at 29 m/s
and became the critical instability mode as shown in Fig. 13.

Examination of the body freedom flutter boundary in Fig.
7 shows that the effect of aeroelastic tailoring follows the
trend of cantilever wing divergence tailoring. This suggests
that the wing destiffening is still the primary triggering
mechanism of the body freedom flutter. The presence of
rigid-body freedoms modifies the boundary conditions of the
destiffened wing mode and ultimately changes the instability
nature from static divergence to dynamic flutter.

The body freedom flutter results of the model free in pitch
only are also compared with the other body freedom flutter
results in Table 3. The absence of the plunging freedom
resulted in a lower body freedom flutter speed, thereby giv-
ing a conservative flutter boundary.
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Conclusions

An analytical and experimental investigation was made of
the aeroelastic flutter and divergence behavior of
graphite/epoxy forward-swept wings with rigid-body pitch
and plunge freedoms present. Experimental wind-tunnel data
was obtained for a complete, two-sided 30 deg forward-
swept wing aircraft model mounted with low friction bear-
ings in a low-speed wind tunnel.

The tests revealed large variations in aeroelastic behavior
for four different ply orientation wings. Body freedom flut-
ter and bending-torsion flutter were observed, and regions of
their occurrence were mapped.

The forward-swept wings developed body freedom flutter
rather than divergence when rigid-body modes were present.
This occurred at a lower speed than divergence but seemed to
have the general trend of the divergence region.
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A support-related dynamic instability involving the
model’s pitch and plunge motions was also encountered at
low speeds. This instability could be eliminated by making
the still-air model pitch frequency greater than the model
plunge frequency, thereby avoiding a possible frequency
coalescence at some airspeed.

For the model free in pitch only, body freedom flutter was
again encountered, but at a lower airspeed. The presence of
the plunge freedom apparently raises the flutter speed.

Tests conducted on the cantilever wings, i.e., with the air-
craft model restrained in both plunge and pitch by the snub-
ber cables, revealed the same aeroelastic behavior as noted
earlier in Ref. 12. Linear divergence and bending-torsion
flutter occurred at low angles of attack and nonlinear tor-
sional stall flutter and bending stall flutter occurred at the
higher angles. The static divergence condition changed to
either a torsional or bending stall at moderate angles of
attack.

Linear theory at low angles of attack provided good agree-
ment with the observed bending-torsion flutter, body free-
dom flutter, support instability, and divergence phenomena.
At higher angles of attack, there was a transition to
nonlinear torsional stall flutter and bending stall flutter limit
cycles, which are not as well understood.

The present investigation extends the experimental base
for aeroelastic tailoring with composites and, along with the
corresponding theoretical analyses, may provide some insight
into the actual aeroelastic behavior of forward-swept com-
posite wing aircraft in free flight. Further details, trends, and
specific cases for this investigation can be found in Ref. 14,
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