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Experimental Aeroelastic Behavior of Unswept
and Forward-Swept Cantilever Graphite/Epoxy Wings

Brian J. Landsberger*
6520 Test Group/Flight Simulator Branch, Edwards Air Force Base, California

and

John Dugundjit
Massachusetts Institute of Technology, Cambridge, Massachusetts

An analytical and experimental investigation was made of the aeroelastic deflections, divergence, and flutter
behavior of both unswept and 30 deg forward-swept rectangular, graphite/epoxy, cantilevered plate-type wings,
with various amounts of bending-torsion stiffness coupling. The analytical investigation used a Rayleigh-Ritz
formulation together with incompressible three-dimensional Weissinger L-method aerodynamics for the
divergence, and }ncompressible two-dimensional unsteady strip theory for the flutter. A semiempirical attempt
was also made to obtain the steady airload deflections of the wing including the nonlinear stall behavior. Ex-
periments on 13 wing configurations showed divergence and bending-torsion flutter at low angles of attack, and
torsion and bending stall flutter at higher angles of attack. Good agreement with theory was found for the
divergence and bending-torsion flutter cases at low angles of attack, and for the nonlinear steady wing deflec-
tions at high angles of attack. The +15° ply configuration was efficient in relieving the adverse divergence effect

of the forward-swept wing.

Introduction

HE use of composite materials in aircraft structures has

added another design dimension to the aircraft designer.
These composite materials are useful not only for their high-
strength-to-weight ratio, but also because they give the
designer the ability to vary the force deflection behavior by
varying the layup scheme, and, thus, have made some
previously impractical design options attractive. In particular,
forward-swept wings have gained renewed interest because
their major drawback, low wing divergence speeds, can be
significantly improved by using tailored composite material in
wing construction. A good general discussion of this is given
by Hertz et al.! Other detailed studies of forward-swept wings
are given in Refs. 2-8. The later studies begin to explore the ef-
fects of rigid-body pitch modes on these forward-swept wings,
which can introduce a low-frequency body freedom flutter to
the problem.

The present paper is a continuation of previous work by
Hollowell and Dugundji,® who explored the divergence and
flutter behavior of a series of stiffness-coupled,
graphite/epoxy, unswept cantilever plate wings. Using that
work as a foundation, the present paper extends the range by
investigating some new ply layup patterns and by investigating
the 30 deg forward-sweep case as well. As before, both the
low-angle-of-attack (linear) and high-angle-of-attack
(nonlinear) aeroelastic properties of cantilever wings are ex-
plored. All static deflection, divergence, and flutter data are
carefully documented and, as such, extend the experimental
base for aeroelastic tailoring with composites. More extensive
details of the analysis and experiment can be found in Ref. 10.
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Analysis

The wings used in the experiments and modeled in the
analysis were cantilevered flat graphite/epoxy laminate plates.
For all tests, the flat-plate wings were mounted vertically in
the wind tunnel. The corresponding swept-wing geometry is
shown in Fig. 1, with a right-hand Cartesian axis system (z axis
pointing into the paper along with positive deflection w, and
positive lift L). The positive fiber ply direction 8 for this in-
vestigation is also shown. All static and dynamic analyses were
done using the Rayleigh-Ritz method with five modes to
describe the lateral deflection w, namely,
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Fig. 1 Swept-wing coordinate system.
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and ¢; (x) and ¥; (y) are nondimensional modes in the x and y
directions, respectively, given by

¢, (x) = Ist cantilever beam mode ¢, (y) =1
¢, (x) =2nd cantilever beam mode ¢, (y) =1

b3 (X) =sin(mx/20) V3 () =y/¢
b4 (X) =sin(3wx/20) Yy (p)=y/c
&5 (%) = %/8(1 —%/0) ¥s (P = [4(3/¢)* —1/3]

©))

These modes represent first bending (1B), second bending
(2B), first torsion (1T), second torsion (2T), and first chord-
wise bending (1C), respectively, and are the same modes used
in the previous analysis by Hollowell and Dugundji.®

The strain energy U for a symmetric anisotropic laminate
plate is!!

I £ /2
U=2—So S—E/Z (D)1 (W, 52)? + 2D W, 1 W, 55

2
+ Dy (W, 55)° + 4D 16W, W, 55 + 4D 36 W, 55 W, 45

+4D g5 (W, ;) 1dydx 4)

where a comma denotes partial differentiation, and the D;’s
are the appropriate bending stiffnesses that depend on the
fiber orientation and stacking sequence of the individual
laminas. The kinetic energy 7 for the plate is

] rf é/2
T:—S g mw2dyds )
0 —é/2

where (")=d/dt, m=pgst; is the mass per unit area, pg the
density of graphite/epoxy, and ¢, the total plate thickness.
The change in external work 6 W, can be expressed as

¢ c/2
oW, = go S , Apdwdydx (©6)

—C.

where Ap, is the distributed lateral load per unit area. Finally,
placing all of the previous terms into Lagrange equations
results in the five equations of motion,

[M]G+[Klg=Q Q)

where [K] and [M] are the appropriate stiffness and mass
matrices resulting from strain and kinetic energies, while @
is the generalized force whose elements are given by

Q; = §v;Ap,dxdy ®

The elements of the [ K] and [M] matrices are given in Refs. 9
(earlier version) and 10.

The structural deflection and twist behavior of the wing tip
for a given applied tip load P can be obtained from Eq. (7) by
neglecting the inertia terms [M]§ and setting the generalized
forces Q,=Py,({), Q,=Py,(f), and Q;=0Q,=0;5=0.
Solving Eq. (7) for g and placing into Eq. (1) gives the desired
deflections and twists. Similarly, the deflection behavior due
to an applied tip twisting moment M, can be obtained by set-
ting Q; =Q,=05=0, Q;=—M,/¢, and Q,=M,/¢in Eq. (7).

Steady Airload Deflections and Divergence

The steady deflections of a wing in an airstream are obtained
by combining the structural deflection characteristics of the
wing together with the aerodynamic loads developed on the
wing. Conventional linear theory for the structure and the
aerodynamics will be assumed here. Later, the effects of
aerodynamic nonlinearity will be examined.
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The swept-wing geometry is shown in Fig. 1, with the z axis
pointing into the paper, along with positive deflection w and
positive lift L. The angle of attack ¢ of a wing section parallel
to the oncoming flow, due to the elastic deformation of the
wing w(x,y), can be expressed as

e =Y O osh— Y ina ©)
== ———sin
3y Py %

Placing the assumed deflection pattern [Eq. (1)] into Eq. (9),
one can express the elastic angle of attack # at a number of
spanwise stations x; in matrix form as

=[Slg (10)
where

vy, .
S, = —%()&i,y,—)cosA—a—;’(fi,yi)smA
v

and the elements S;; are evaluated at the three-quarter chord
of each spanwise section. The total angle of attack « of each
section is o=y + 0, where «, represents the root angle of at-
tack of the wing.

The aerodynamic lift on each section of the wing is expressed
as L =gq cC,Ax, where g is the dynamic pressure, c the chord,
C, the local lift coefficient, and Ax the width of the section. To
relate the lift to the local angle of attack, 3-dimensional Weiss-
inger L-method theory for a finite swept wing in incompressi-
ble flow is used. This is presented by De Young and Harper!?
as

=), 7’<ccg an

Jj=1

where £is the semispan (see Fig. 1) and a;; are nondimensional
coefficients tabulated in Ref. 12 for different configurations
at the Multhopp stations x/{=0.924, 0.707, 0.383, and 0. In
matrix form,

L=g[W]cC, (12)
=[A]cC, 13)

where [ W] is an appropriate section width diagonal matrix
weighted for the Multhopp station distribution. Inverting Eq.
(13) and placing into Eq. (12) gives the lift distribution L for a
given angle-of-attack distribution «. The corresponding
generalized force matrix @ is obtained by considering the lift
loads as point loads acting at the one-quarter chord of the
wing. Using Eq. (8), this gives

0=(R]L (14)

where the elements R;=1v,(X;,7;) are evaluated at the one-
quarter chord of each section.

The steady airload deflections of the wing in an airstream
are obtained by neglecting the inertia terms [M]4 in Eq. (7)
and combining Egs. (10-14) to give

/@) U1 - [D]}0=[D] 1, (15)
where
[Dl1=[S][K]/[R1{W][A]~!

In the above, [} is a square unity matrix, 7 is a column of 1’s,
and o, the root angle of attack. Solution of Eq. (15) gives the
elastic twist distribution 8, which is then added to « to give
the total a. The total lift loads L corresponding to this e is
found from Eq. (12) and the inverted Eq. (13). Divergence for
this linear problem occurs when the determinant of the left-
hand side of Eq. (15) equals zero. This gives rise to the stan-
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dard real eigenvalue problem,
[D]18=(1/q)0 (16)

The largest positive eigenvalue 1/g gives the lowest value of ¢
for divergence. For some configurations, all of the eigenvalues
are negative, thereby indicating no divergence possible for the
wing.

The preceding steady airload and divergence analysis pro-
cedure was convenient for introducing 3-dimensional finite
swept-wing aerodynamics into the modal analysis.

Flutter Analysis

The flutter analysis was done using the familiar V-g
method.?? A structural damping coefficient g is introduced in-
to the equations of motion (7) to represent the amount of
damping that must be added to the structure to attain neutral
stability (flutter) at the given velocity. Assuming harmonic
motion q = ge™*, the equations of motion (7) become

([K1(I+ig)—w? [M])ge™ =Q (17
where the generalized force Q, defined by Eq. (8), comes from
the aerodynamic loadings. For the aerodynamics,
2-dimensional, incompressible, unsteady strip theory was used

with sections taken parallel to the flow, as shown in Fig. 1.
The change in external work 6 W, of Eq. (6) is

. 5
SW, = So (L8h+ M8 + Not)dx= ), Q;8q; (%)
i=1

where the section forces and deflections here are taken at the
midchord, and all twists # and moments M are taken about an
axis parallel to the x axis. The section forces and moments are
defined as

L =[Apdy
M= —{(y—y.)Apdy

N={ysapdy 19

while the section deflection, twist, and camber changes are ex-
pressed from Eqgs. (1-3) and (9) as

h=6,q9,+¢,q;

1 d d
0= —'E.—(¢343 +¢4q,)COSA — ( i ¢:

i q;+ W q2>sinA

§=9¢54;5 (20)

Using 2-dimensional, incompressible unsteady aerodynamic
theory and including camber effects as adapted from
Spielberg!* and described in Ref. 9, the aerodynamic forces
can be written as

h i
L =npu?b’cosA (LAT +Lg+ LC%> elt

h )
M =mpw’b?cosA (MAj + Mg +MC%> et

h .
N=qpe?bicosA (NA?+NB(9 +Nc%> et Q1)

where b=c/2 represents the semichord, p is the air density,
and the cosA factor accounts for the sweep. Combining Eqs.
(18-21) gives the generalized force matrix Q in the form

Q=mpw’b’ [A]ge™! (22
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where the elements A4 i of the 5x 5 aerodynamic matrix [A]
are complex functions of reduced frequency, k=wb/V. Ex-
pressions for A4 are given by Landsberger. !°

Combining the aerodynamic forces [Eq. (22)] with the
structural representation [Eq. (17)] gives rise to the complex
eigenvalue problem

[Blg=Z[K]q (23)

where
[B]l=[M] +7pb’ [A], Z=(1+ig)/w?

For given values of reduced frequency, k =wb/B the complex
coefficients 4 are evaluated, and Eq. (23) is solved for the
five complex eigenvalues Z. From these eigenvalues and from
k, the w, g, and V are determined. Plots of g and w vs V
characterize the flutter stability and frequencies of the wing.
The w values at V=0 represent the natural frequencies with
air-mass effects present. The natural frequencies in a vacuum
are also determined from Eq. (23) by using a small value of air
density p.

Nonlinear Steady Airload Deflections

Because the flat-plate wings were flexible and could deflect
to large bending and twisting angles without failure, the wings
would stall when the linear calculated divergence speed was
approached or even exceeded. Accordingly, an attempt was
made to calculate the nonlinear steady airload deflections and
twist behavior using semiempirical approximations to the
nonlinear lift and drag characteristics. On the other hand, the
structural stiffness was found by static tests to remain within a
few percent of linear even for large deflections, and, hence, a

“linear structural model was used. Only the analysis for the

unswept wing case, A=0 deg, was attempted.
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Fig. 2 Lift and drag coefficients for flat plate.

O

Fig. 3 Test setup in wind tunnel.
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Figure 2 shows the measured lift and drag coefficients on a
flat-plate wing as given by Riegels.'> Also, an aft center-of-
pressure movement was noticed from about 25% c at o =5 deg
to 40% c at 20 deg. These force coefficient data were first
resolved resolved in the direction normal to the chord, and
then fitted by a simple power series in «. Then the pressure
was distributed over the surface in the chordwise direction in a
manner roughly resembling linear theory, but including the aft
center-of-pressure movement. Finally, a spanwise tip correc-
tion was added to ensure the pressures fall to zero at the tips.
The resulting approximation used for the pressure coefficient
¢, is given below:

c,=(—37. 7ot +42.50° — 23.20% + 6.67c)
X 11I[1— (x/0°1{(3.5-5.71a)[0.5— (y/c)]?°
X 1.63a} +3.50° (24)

For further details and motivations, see Ref. 10. The angle of
attack o to be used in the above can be approximated as

a(x) =ag— %sin—gx? 25)

since the vast majority of the twist 8 is from the first torsion
mode, Egs. (1) and (9).

To obtain a solution for the steady deflections and twist, a
numerical iteration process is used. The rigid angle of attack
«p is placed in Eq. (24) and the pressure coefficient c, is
evaluated at a number of chordwise and spanwise points on
the wing. The pressures, Ap, =qc,, are then placed into Eq.
(8) to obtain the generalized forces Q; by numerical integra-
tion of the pressure distribution. Placing the Q; into Eq. (7)
without the mass term [M]4§ allows one to solve for the
deflections ¢. Placing this ¢ into the static equation (25) gives
a new «(x) distribution to start the process over again. For
low airspeeds, three iterations were sufficient for convergence.
At the higher speeds of this investigation, up to seven itera-
tions were used.

Experiment

Experimental aeroelastic tests were conducted on a series of
13 flat-plate wings with different ply configurations at 0 and
30 deg forward sweep. The 0 deg sweep configurations com-
plemented some earlier studies by Hollowell and Dugundji,’
while the 30 deg forward-sweep configurations (A= —30 deg)
were new.

The wing models for the tests were identical to those used in
Ref. 9, and the properties are described more fully therein.
Basically, each model had an effective length of 305 mm (12
in.) and a chord of 76 mm (3 in.), giving the wings a length-to-
chord ratio #/c=4. The models were all made up of 6 plies of
Hercules AS1/3501-6 graphite/epoxy with 7 different ply
layups, namely, [0,/90],, [+15,/0],, [ +15/0],,
[+30,/0],, [+30/0),, [+45,/0],, and [=45/0],. By
reversing the direction of flow, another 6 configurations were
obtained, [ —15,701,, [ #15/0],,..., to give a total of 13 con-
figurations. These spanned a wide range of bending-torsion
stiffness coupling ratio D,;/N D D¢ from ~0.77 to +0.77
approximately.

Structural deflection tests were conducted on the wings by
placing then in a stiff jig frame and subjecting them to force
and moment couples applied near the tip, and carefully
monitoring the resulting tip deflection and twist.

All wind tunnel tests were performed in the MIT Acoustic
Wind Tunnel. This tunnel has continuous flow with a 1.5x2.3
m (5% 7.5 ft) free-jet test section 2.3 m (7.5 ft) long located in-
side a large anechoic chamber, and can be varied continuously
up to approximately 30 m/s (98.4 ft/s). The model was
mounted vertically on a turntable which could readily be
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Fig. 4 Structural deflections of [ +30,/0], wing.
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Fig. 5 Experimental flutter and divergence boundaries (A =0 deg).

59 Hz

Yo s,g0)

v (w/s)

59 {+30,/01
[*452/0]5

1 B (15,0 [0,/90]

VELUZITY

3.5 [-4s0)
b6 [-30,/0]

0 4 8 12 16 20
ROOT ANGLE OF ATTACK ~ &, (deg)

Fig. 6 KExperimental flutter and divergence boundaries (A= —30
deg).

rotated to change the angle of attack. See Fig. 3. In addition, a
large, heavy, swivel clamp joint at the wing root could be
rotated to change the angle of sweep. For the present tests,
only the unswept (A =0 deg) and forward-swept (A= — 30 deg)
positions were investigated.

The wind tunnel tests were carefully monitored by video
movies, photographs, and strain-gage strip charts in an at-
tempt to obtain the static deflections and angles under airloads
as well as the flutter-vibration amplitudes and frequencies. An
overhead mirror was mounted above the test wings, and by
proper angles, one could look down upon the wing tip and
view it against a grid painted on the turntable base. Subse-
quent analysis of video movies taken under floodlight and
strobe light conditions (to slow the motion), allowed one to
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Table 1 Natural frequencies of wings

First bending

First torsion Second bending

Theory, Experiment, Theory, Experiment, Theory, Experiment,
Wing Hz Hz Hz Hz Hz Hz
[0,/90], 10.8 10.5 39 44 67 —
[+15,/0], 8.5 9.2 48 48 58 66
[+£15/0], 9.9 10.0 50 52 63 77
[+30,/0], 6.0 7.1 60 60 41 44
[+30/0], 7.8 8.0 65 68 50 —
[+45,/0], 4.6 6.2 55 48 31 32
[+£45/0], 5.7 6.0 69 76 37 36
Table 2 Flutter data, unswept wings (A =0 deg)
v, oy, Waves Aw, Oaves Ad, w,
Wing m/s deg cm cm deg deg Hz
[0,/90] 26 1 0.5 0.7 1.0 10.3 33.0
13 10 2.4 0 3.5 9.8 40.0
[+15,/0], 25 1 0.2 0.2 0.7 8.1 32.0
24 10 5.1 0.2 -4.0 19.3 37.0
[£15/0], 28 3 4.0 0.8 -0.7 8.5 37.0
16 10 3.8 0 0.4 5.0 49.0
[¥15/0], 21 1 4.3 0.5 4.8 14.0 43.0
10 10 2.2 0.1 2.8 7.0 43.0
[-15,/0]¢ 18 1 4.7 9.4 10.1 17.4 5.8
13 10 3.3 11.7 7.9 28.4 7.6
[ +30,/0], 29 0 -0.6 1.7 2.4 12.0 60.0
28 12 7.9 4.0 —-4.8 35.0 61.0
[ £30/0], 27 10 11.7 1.2 -3.7 12.0 46.0
[¥30/0], 24 1 13.5 1.3 13.5 8.8 40.0
15 10 8.4 0.2 5.6 6.7 52.0
[-30,/01, 15 1 5.1 17.2 39 16.0 2.6
8 10 3.0 4.5 4.9 5.8 4.9
[+45,/0], 27 1 2.1 3.6 2.2 23.0 25.0
23 10 9.9 2.7 -2.7 20.0 26.0
[+45/0]; 25 8 13.1 0.4 -2.4 3.2 44.0
18 10 10.8 0.6 —4.2 6.8 49.0
[+45/0], 22 1 16.0 0.9 9.0 1.5 40.0
14 10 12.2 0.1 6.3 6.3 55.0
[—45,/0], 14 1 10.9 12.0 10.0 14.0 3.5
9 10 5.2 10.3 5.2 9.1 4.2
obtain tip deflections and twists under both steady airloads Results

and during flutter. The movies were taken both looking down
upon the wing and looking directly at the wing.

Before each wind tunnel test, the natural-vibration fre-
quency of a wing was checked. With the wing mounted for the
wind tunnel test, a simple initial deflection in twist and
bending was given to the wing and then quickly released. The
resulting oscillations picked up by the strain gages were re-
corded on a strip chart, and gave a good estimate of the bend-
ing and torsion frequencies of the wing.

For the wind tunnel tests, the wings were set at zero angle of
attack and the tunnel was run up to a given airspeed. The
angle of attack was then varied to check for possible flutter
conditions. If flutter was found, the strain-gage signals were
recorded and the frequency additionally checked with a strobe
light. After finishing tests at that airspeed, the angle of attack
was reduced, the airspeed increased by 1 m/s, and the test pro-
cedure was repeated. This allowed the flutter boundary curve
of flutter speed vs root angle of attack to be mapped out for a
wing. After the flutter boundary curve was defined, certain
points were selected for further examination. For these tests,
more complete records were taken, including video movies
and photographs, to check the flutter amplitudes, frequencies,
and average static positions of the wing. In addition, on the
unswept wings (A=0 deg), tests were run at several fixed
airspeeds to observe the variation of steady wing tip deflection
and twist with root angle of attack under steady airload
conditions.

The present studies explored the nonlinear as well as the
linear aspects of flutter and divergence. The models were suf-
ficiently flexible so that when they actually fluttered or diverged
they were not destroyed, but rather went into steady-state limit
cycles that were limited by the nonlinear airforces (stalling).

The structural deflection and twist characteristics of a
typical wing under given applied forces and moments are given
in Fig. 4, along with the analytical Rayleigh-Ritz predictions.
Since the wings were 30.5 cm long, the deflections are over
large ranges. The linear 5-mode Rayleigh-Ritz analysis gave
good correlation for small amplitudes, including the bending-
torsion stiffness coupling involving the twist § due to force
and the deflection w due to moment M. For one case, the
[ +£15/0], layup wing, a small snap buckling occurred due to
slight camber imperfections resulting from ply layup fiber
angle inaccuracies.

The natural frequencies of the wings are given in Table 1.
These were found from the initial deflection tests prior to the
wind tunnel runs, and agreed reasonably well with the
theoretical calculations and with previous values given by Ref.
9 and Jensen et al.'® Occasionally, the third mode could not be
picked out by the transient decay.

The flutter and divergence characteristics of these wings are
presented in Figs. 5 and 6 for the unswept and forward-swept
wings, respectively. This data is experimental, and was taken
in 1-deg increments of angle of attack. The curves shown were
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drawn through the data points. These plots of flutter speed vs
root angle of attack give the nonlinear (high-angle-of-attack)
behavior as well as the linear (low-angle-of-attack) behavior.
The frequency (Hz) of the resulting oscillations is also in-
dicated on the graphs in order to show the change in flutter
modes. As in Ref. 9, four different types of aeroelastic
phenomena are observed; bending-torsion flutter (w, <w<w,)
and divergence at low tip angles of attack, and torsion stall
flutter (w=~w,) and bending stall flutter (w=w,) at high tip
angles of attack. The sharp drop in torsion stall flutter speed
vs root angle of attack was also reported by Rainey!” for thin,
solid aluminum (isotropic) wings, and probably results from
the tip section statically twisting to the neighborhood of the
stall angle and then going in and out of stall. Further studies
of torsion stall flutter were also conducted by Dugundji and
Aravamudan’® and Dugundji and Chopra!® on 2-dimensional
sections. The bending stall flutter is not very familiar, and was
reported earlier in Ref. 9. The divergence condition was noted
when the angle of attack could not be set small enough to keep
the wing from “‘flipping over’’ to either one side or the other.
Generally, a bending stall oscillation at the low bending fre-
quency would then begin for these flexible wings. In Figs. 5
and 6, the linear divergence condition at low root angles of at-
tack «, is identified by the low frequency of oscillation in

VELOCITY v {(nys)
6or Flutter Divergence
—_— Analysis
8 A o Test, A = 0°
A . Test, A = -30°
A=+30° Lot

N

Tunnel Speed Limit ™ ==—

\\\N":::A(
St
A= 0 g
A= -30"g . L
1 L ] i 1 ]
-5 -30 -15 0 +15 +30 45

PLY FIBER ANGLE ~ 6 (deg)

Fig. 7 Flutter and divergence at low angles «,.
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comparison to the much higher frequency of the bending-
torsion flutter oscillations.

The amplitudes, frequencies, and average static positions of
the resulting flutter oscillations for the different wings are
shown in Tables 2 and 3. In these tables, V, «,, and w are the
air velocity, root angle of attack, and flutter frequency,
respectively, while w,,. = (W + Wnin)/2 is the average wing
tip deflection, Aw = w,,,, — Wy, is the double amplitude of the
tip deflection oscillations, 6, = (0. + 0min)/2 is the average
wing tip elastic twist, and A6=8,, —6,, is the double
amplitude of the tip twist oscillations. For each wing, general-
ly one low and one high root angle-of-attack condition is
shown. All of these were measured visually from the video
movies and photos, and give some interpretation of the
nonlinear flutter behavior indicated in Figs. 5 and 6. In par-
ticular, the character of the flutter, whether of a bending or a
torsional nature, and the associated frequency, are apparent.

The linear flutter and divergence characteristics of the wings
at low root angles of attack are shown in Fig. 7 for the
[+86,/0], family of wings. Similar, but less dramatic, results
were obtained for the [ £6/0], family. Figure 7 represents a
crossplot from the data of Figs. 5 and 6 at «; = 0. For negative
ply angles 0, and forward-sweep (A= —30 deg), divergence

['302/015

~—Analysis
Experiment

2 o 5a/s
b a 1.5 m/s

o 16 m/s 1

DEFLECTION w {cm)
TWIST @ (Deg)

0o 3 T2 % 20 0 3 s 12 16 20
ROOT AWGLE o (Deg) ROOT ANGLE 7, (Deq}

Fig. 8 Steady airload deflections of [ +30,/0], wing.

Table 3 Flutter data, forwérd-swept wings (A= —30 deg)

v, o Waves Aw, O aves Af, w,

Wing m/s deg cm cm deg deg Hz
[0,/90], 20 1 8.8 0 6.1 1.5 40.0
18 10 8.3 11.0 1.5 3.0 8.0
[+15,/0], 21 10 12.2 1.1 -10.7 16.7 40.0
[ +15/0], 25 1 7.8 0 —-1.6 27.0 44.0
18 10 8.0 0 ~0.4 14.3 50.0
[¥15/0]; 19 1 6.2 11.9 4.8 9.5 4.7
15 10 5.2 12.8 4.7 9.3 7.5
[—15,/014 15 1 3.2 15.0 8.3 23.4 4.0
12 10 39 12.9 7.7 18.1 6.8
[+30,/01, 21 10 14.5 0.8 - 18.0 12.0 59.0
[ +30/0], 22 1 19.8 0.7 —-6.0 44.0 33.0
20 10 21.5 1.0 -17.0 42.0 31.0

[¥30/0], 17 1 6.9 19.7 4.0 12.0 3.0
13 10 7.5 9.5 2.5 5.0 5.6

[—30,/0]4 11 1 4.1 18.1 7.0 22.0 2.7
8 10 3.7 10.9 3.5 17.0 4.6
[+45,/0], 20 1 16.9 0.2 6.9 25.0 42.0
15 10 16.9 0.7 14.5 19.1 44.0
[:i:45/0]5 20 1 19.5 3.0 —-10.5 11.0 5.7
14 10 12.9 6.3 3.5 21.0 4.8
[ F45/0], 14 2 9.5 19.0 5.5 11.0 2.8
11 10 9.0 14.0 1.5 1.0 4.3
[—45,/0], 10 1 7.1 8.6 8.4 14.7 2.0
8 10 6.9 11.6 7.5 15.0 3.5
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Fig. 9 Steady airload deflections of [ —30,/0]; wing.

dominates the aeroelastic behavior. Going to positive ply
angles increases the divergence speed of the forward-swept
wing, and a higher flutter speed now limits the flight speed.
However, too much positive ply angle (+45°) results in a low
divergence speed again since the bending stiffness becomes too
low, and the bending-torsion stiffness coupling cannot over-
come the geometric divergence tendency. A positive ply angle
layup [+15,/0], seemed to be about optimum here, both
from Fig. 7 and Figs. 5 and 6. The linear 5-mode flutter and
divergence analyses gave good correlation with these ex-
perimental results, particularly for the divergence, where
3-dimension aerodynamic theory was used. It should be noted
that the experimental and theoretical trends shown in Fig. 7
are also similar to the theoretical trends shown in Fig. 7 of
Hertz et al.!

The nonlinear steady airload deflections and twists of the
wing tip are shown in Figs. 8 and 9 for two contrasting wings,
[ +30,/0], and [ —30,/0], with no sweep (A=0 deg). These
were obtained from visual inspection of the resulting video
movies and photos of the test, and show a highly nonlinear
relation with root angle of attack, particularly for the
[ -30,/0], wing which diverges at 15 m/s. The contrasting
character of the two wings, where one twists negatively (nose
down) to offset the root angle-of-attack change while the
other twists positively (nose up) to bring the tip rapidly to the
stall condition, is readily apparent. The analytical calculations
using the semiempirical nonlinear theory including stall effects
described earlier, give a reasonable correlation with
experiment.

Conclusions

An analytical and experimental investigation was made of
the aeroelastic deflection, divergence, and flutter behavior of
unswept and 30 deg swept-forward graphite/epoxy can-
tilevered plate wings, with various amounts of bending-torsion
stiffness coupling, in incompressible flow. The present work
extends an earlier investigation by Hollowell and Dugundji®
on unswept wings. Both the low-angle-of-attack (linear) and
high-angle-of-attack (nonlinear) properties were explored.
The investigation extends the experimental base for aeroelastic
tailoring with composites.

Structural deflection tests on the 6 ply composite plate-type
wings, revealed reasonable linear bending and twisting
behavior up to large deflections. The deflections, twists, and
bending-twist couplings were generally well predicted by
Rayleigh-Ritz analysis.

The divergence and flutter investigation showed the large
variation in aeroelastic properties possible by changes in ply
layups. Four different types of aeroelastic phenomena were
observed; bending-torsion flutter and divergence at low tip
angles of attack (linear range), and torsion stall flutter and
bending stall flutter at high tip angles of attack (nonlinear
range).
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The flutter and divergence characteristics at low angles of
attack were well predicted by linear theory. A 5-mode
Rayleigh-Ritz analysis gave good correlation with experiment
for divergence using 3-dimensional aerodynamics, and gave
reasonable correlation with experiment for flutter using
2-dimensional, velocity parallel, unsteady aerodynamics. The
effects of ply orientation were well predicted. A positive ply
angle layup [+15,/0], seemed to have efficient bending-
torsion coupling to overcome the adverse geometric
divergence effect of the 30 deg forward-swept wing.

The amplitudes, frequencies, and average static position of
selected flutter points were measured and recorded. This
helped identify the severity and character of the flutter modes
encountered. The nonlinear flutter tests gave additional in-
sight into the stall behavior of thin flexible wings, which had
been pointed out earlier by Rainey,!” by identifying the role of
the tip section static angle of attack.

Nonlinear steady airload deflections and twists of the wing
tips were obtained, and gave a good indication as to how the
wings were behaving aeroelastically. Analytical calculations
using a semiempirical nonlinear theory including stalling ef-
fects gave reasonable correlation with experiment.
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