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Effects of Structural Nonlinearities on Flutter
Characteristics of the CF-18 Aircraft

B. H. K. Lee* and A. Tront
National Research Council, Ottawa, Ontario, Canada

The describing function method is used to analyze the flutter characteristics of the CF-18 aircraft with
structural nonlinearities. The first nonlinearity studied is located at the CF-18 wing-fold hinge. From ground test
data, this hinge can be represented by a bilinear spring. A flutter sensitivity study is carried out, which shows
that when the hinge stiffness is reduced, divergent flutter involving the wing bending and torsion modes is
replaced by limit-cycle flutter of the wing torsion and outer wing rotation modes. Another form of nonlinearity
at the outboard leading-edge flap is also studied by treating it as a spring with free-play. Limit-cycle oscillations
are possible only within a small range of velocities in the vicinity of its linear flutter velocity. The flutter modes
remain unchanged and their frequencies are practically constant for hinge-stiffness values ranging from a few
percent to its nominal value. Positive aileron angles are found to be more effective in alleviating limit-cycle
flutter at the wing-fold than negative angles. Similar observations are made at the outboard leading-edge flap
hinge where downward deflection of the aileron gives larger values of the preload and, hence, the equivalent

stiffness than upward deflection.

Nomenclature
A = maximum positive displacement from equilibrium
position
Ae = midpoint of oscillation of nonlinear spring
A, = amplitude of oscillation measured from A,
K, = equivalent spring stiffness
K,,K, = stiffnesses of bilinear spring
M = load
M, = amplitude of sinusoidal load
P = preload
28 = region where softer spring acts
AIL = aileron

LEF = leading-edge flap
TEF = trailing-edge flap

t = time

X = displacement

X1 = amplitude of sinusoidal displacement
@ = frequency

Introduction

HE assumption of structural linearity is frequently made

to determine the divergence and flutter characteristics of
aerodynamic surfaces. Linear theory predicts the magnitude
of dynamic pressure or flight velocity above which the system
under consideration becomes unstable and the motion grows
exponentially in time. However, aircraft structures often ex-
hibit nonlinearities that affect not only the flutter speed but
also the characteristics of flutter motion. References 1 and 2
give an excellent discussion of the various types of nonlineari-
ties and some of the methods used to treat them. In general,
they can be categorized as either distributed or concentrated.
Only the latter is considered in this study, and the types
investigated are the bilinear and free-play springs that repre-
sent worn or loose hinges of control surfaces. The hinge-
stiffness behavior and the response characteristics are usually
functions of the amplitude of oscillations so that at some
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particular flight speed the oscillations can be self-excited and
can attain a limited amplitude. The appearance of the phe-
nomenon of limit-cycle flutter is important from the design
viewpoint. These oscillations may occur within the divergence
and flutter flight envelope, and the amplitude, frequency and
duration of these limit-cycle oscillations may have an impor-
tant impact on the structural integrity of the aerodynamic
surfaces.

Air-to-air photography and video coverage of recent flight
tests of the CF-18 aircraft at the Aerospace Engineering Test
Establishment at Canadian Forces Base (CFB) Cold Lake
showed that the wing responses were severely affected by a
decrease in the wing-fold hinge stiffness. With light-to-inter-
mediate weight outboard stores and with tip missiles off, the
aircraft was subjected to lightly damped low-frequency oscil-
lations. In this paper, the effect of nonlinear wing-fold stiff-
ness on limit-cycle oscillations is examined. Another nonlin-
earity at the outboard leading-edge-flap hinge, which may be
important, is also investigated. A schematic of the locations of
these two hinges on the CF-18 wing is given in Fig. 1. Nonlin-
earities in the trailing-edge flaps and ailerons are not consid-
ered because ground tests show they have little or no free-play.
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Fig.1 Schematic of locations of wing-fold and outboard leading-
edge flap hinges on the CF-18 wing.
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The wing planform is extended to the fuselage centerline and
the LEX (leading-edge extension) is not shown. The describing
function approach in nonlinear mechanics is used to find the
equivalent hinge stiffness and flutter analysis is then carried
out with modal data computed using the equivalent stiffness.

The wing-fold and leading-edge hinges are represented in
the NASTRAN? model of the CF-18 by discrete elements and
modifications to the spring stiffness are rather straightfor-
ward. To change the preloads on the nonlinear springs, flaps
can be employed to alter the aerodynamic moments acting on
these hinges and, hence, move the equilibrium point anywhere
along the moment vs deflection curves of the hinges. Combi-
nations of the leading-edge flaps, trailing-edge flaps, and
aileron angles are used and the hinge moments are calculated
from a three-dimensional transonic wing/body computer code
developed by Kafyeke.* The computations are carried out for
an aircraft configuration and flight conditions that corre-
spond to one of the worst cases where limit-cycle oscillations
were observed in flight tests.

Equivalent Stiffness Approximations
The describing function is a useful technique in treating
structural nonlinearities by evaluating an equivalent stiffness.
The dynamic system can then be linearized and the usual linear
flutter-analysis methods can be applied. The basic approach
for the method is to assume that the displacement is sinusoidal
and of the form

x =X sin ot (0)]
Using this expression, the load developed in the nonlinear
spring is expanded in a Fourier series. The higher harmonic
terms are neglected and the load is expressed as

M =M, sin wt 1#3)

The ratio of M,/x, gives the equivalent stiffness of the spring.

LOAD

DISPLACEMENT

Fig. 2 Schematic of ‘h bilinear spring with preload.
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The types of nonlinearities being treated in this study are the
bilinear spring and the free-play spring, which is a special case
of the former when the stiffness of the softer spring K, (Fig.
2) is set equal to zero. Using the method given by Laurenson
et al.,’ the equivalent stiffness X, of a bilinear spring with
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Fig. 3a Moment vs wing-fold hinge rotation at small deflection
angles.
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preload can be derived to first-order accuracy as

Ke=K1, forA <P
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From ground testing of the CF-18, a typical curve® of the
hinge moment vs wing-fold rotation is given in Fig. 3a. A
small amount of hysteresis is present, but it is neglected in this
investigation and the nonlinearity is treated as a bilinear
spring. For amplitudes of the wing-fold motion greater than
0.4 deg with reference to the ground-test equilibrium position,
the spring is approximated as in Fig. 3b, where K; has a
magnitude equal to its design value. The values of the range 25
and stiffnesses K; and K, are different in these two figures.
Figure 3c shows a typical experimental moment-displacement
curve® for the outboard leading-edge hinge. Again, the small
amount of hysteresis is neglected and the nonlinearity is
treated as a free-play. For sinusoidal displacements, the analy-
sis given by Shen? for treating hysteresis can be used to deter-
mine the moment versus time curves. For small amount of
hysteresis as shown in Figs. 3a and 3c, the curves are very
similar to those for bilinear or free-play springs. Hence, ne-
glecting hysteresis in the hinges considered in this study should
not introduce any significant errors in the results.

Figures 3a-3c are obtained from ground tests and can be
used to determine the equivalent stiffness at given flight condi-
tions. Before Eq. (3) can be used, the aerodynamic loading on
these hinges must be determined in order to locate the equi-
librium position, and, hence, the value of the preload. Using
a test point corresponding to a 1-g level flight at Mach number
of 0.95 and an altitude of 7000 ft above sea level, the steady
transonic wing/body computer code of Ref. 4 is used to
compute hinge moments for various combinations of the flaps
and aileron settings. In order to maintain a fixed lift coeffi-
cient for the aircraft, the angle of attack has to be computed
for each flaps-aileron combination. For the wing-fold hinge,
flutter results for three cases will be presented later on, and
they are denoted by a, b, and c in Fig. 3a and 3b. The flaps
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and aileron deflection angles are given in Table la. Four
preload values are used to analyze the outboard leading-edge
flap free-play spring and they are indicated by points a to d in
Fig. 3c. The flaps-aileron settings corresponding to these four
points are shown in Table 1b.

The equivalent stiffnesses of these two hinges for the
flaps-aileron settings given above are shown in Fig. 4. In Fig.
4a, the range 28 and the stiffnesses X, and K, are similar for
cases a and b, but they are different from case ¢. The normal-
izing factor is the same and it is the value of the linear design
wing-fold hinge stiffness. For the outboard leading-édge flap
hinge, the equivalent stiffness shown in Fig. 4b is nondimen-
sionalized by its nominal value.

Nonlinear Hinge Stiffness Sensitivity Analysis

Wing-Fold Hinge

Only one CF-18 aircraft configuration, which has been
shown to be subject to limit-cycle oscillations in flight tests, is
analyzed. In carrying out a wing-fold hinge-stiffness sensitiv-
ity study, a wing-fold stiffness is specified and a NASTRAN?
modal analysis is performed to give the generalized masses,
stiffnesses, and vibrational modes. Using the first 23 modes,

Table 1 Flaps-aileron combinations for hinge moment calculations

Trailing-edge Aileron Leading-edge
Case flap angle, deg angle, deg flap angle, deg
a) Wing-fold hinge nonlinearity ’
a 1 -4 2
b 1 -2 -3
c 1 4 0
b) Outboard leading-edge flap hinge nonlinearity
a 1 -4 0
b 1 4 -3
c 1 2 -3
d 1 -2 -3
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Fig. 4a Normalized equivalent wing-fold hinge stiffness vs ampli-
tude ratio at flaps-aileron settings: a) AIL= —4 deg, LEF =2 deg;
b) AIL = —2 deg, LEF = —3 deg; ¢) AIL =4 deg, LEF =0 deg. TEF is
fixed at 1 deg. ‘ :
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Fig. 4b Normalized equivalent outboard leading-edge flap hinge
stiffness vs amplitude ratio at flaps-aileron settings: a) AIL = —4 deg,
LEF=0 deg; b) AIL=4 deg, LEF=—3 deg; ¢) AIL=2 deg,
LEF= —3 deg; d) AIL=—2 deg, LEF= —3 deg. TEF is fixed
at'1 deg.
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Fig. 5 First five modal frequencies vs normalized wing-fold hinge
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the generalized forces are computed from a doublet-lattice’
aerodynamics computer program, which forms part of the
flutter analysis code used at the National Aeronautical Estab-
lishment. The structural damping for these modes determined
from ground-vibration tests are inputed into the flutter code
and the V-g method is used to evaluate matched point (Mach
number and altitude) damping and frequency trends.
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Fig. 6 Mode shapes for a) nominal stiffness values for both hinges;
b) 10% of nominal wing-fold hinge stiffaess value and nominal outer
leading-edge flap hinge value; and c¢) nominal wing-fold hinge value
and 2.8% of nominal leading-edge flap hinge stiffness.
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‘normalized wing-fold hinge stiffness values of 1 and 0.1.

Figure 5 shows the effect of reducing the wing-fold stiffness
on the modal frequencies for the first five antisymmetric
modes. The inboard and outboard store roll modes designated
as IBSR and OBSR are relatively unaffected by changes in the
hinge stiffness. As the stiffness is reduced, the outboard store
pitch/wing first torsion (OBSP/W1T) mode is replaced by the
outer wing rotation mode (OWR), and the wing first bending
/fuselage first bending (W1B/F1B) mode changes to the
OBSP/WIT mode. The mode shapes are shown in Fig. 6a
using the nominal stiffness values for both hinges. Figure 6b
shows that at 10% of the the nominal wing-fold stiffness
value, the OBSP/W1T.-and W1B/F1B modes are replaced by
the OWR and OBSP/WI1T modes, respectively.

Figures 7a and 7b show the frequency and damping trends
for normalized hinge stiffness values of 1 and 0.1, respec-
tively. The airspeed and frequency are normalized by their
respective flutter values calculated using the design value of
the wing-fold stiffness. The flutter characteristics and the
switching of the flutter modes are clearly indicated in these
figures.

When the wing-fold hinge stiffness is decreased the change
in the frequency of the W1T/F1B mode is small. However,
much larger decrease in the frequency of the W1B/F1B mode
is detected. Because the frequency separation between these
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Fig. 7b Damping vs normalized equivalent airspeed for normalized
wing-fold hinge stiffness values of 1 and 0.1.
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Fig. 8 Effect of wing-fold hinge stiffness on flutter speed and
frequency.

two modes increases with decreasing wing-fold stiffness, flut-
ter due to interaction of these two modes is found to occur at
higher velocities. This is shown in Fig. 8 where higher flutter
speeds and slightly lower frequencies of the fiutter mode
WIT/F1B are shown for decreasing value of the wing-fold
stiffness. In the range of stiffness values where flutter changes
to the OBSP/WIT mode, the flutter boundary has a mini-
mum. Take as an example, point x in the figure. To the left,
the motion is stable, but an increase in amplitude and, hence,
spring stiffness will cause the motion to grow until point y is
reached where the oscillations become limit-cycle. Any further
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Fig. 9 Normalized flutter speed vs amplitude ratio for the wing-fold
hinge at three flaps-aileron settings.

increase in amplitude or stiffness will be stable and the motion
will return to point y. Beyond point z, the motion becomes
divergent. Some similar observations for a two-degree-of-
freedom flutter model are reported by Lee?.

The normalized flutter speed is plotted in Fig. 9 against the
amplitude ratio for three sets of flaps-aileron angles described
earlier. For cases a and b, the equivalent stiffness shown in
Fig. 3a is small and flutter is due to the interaction of the
OBSP/WIT and OWR modes. A minimum velocity occurs at
an amplitude ratio of approximately 4. The points u and v
marked on the figure correspond to the same points in Fig. 8
that show limit-cycle flutter is possible. Increasing the steady-
state hinge moment by changing the flaps-aileron angles to
correspond to case ¢ involves flutter between the W1T/F1B
and W1B/F1B modes. An increase in flutter speed is observed
with increasing amplitude since this corresponds to an initial
decrease in spring stiffness. After the stiffness reaches a mini-
mum (Fig. 4a), it increases with amplitude ratio with a result-
ing drop in flutter velocity. No limit-cycle oscillations are
observed for this casé and only divergent: flutter can occur.

Outboard Leadmg-Edge Flap Hinge

From the NASTRAN analysis, it is found that the frequen-
cies of the important modes are practically unchanged, even
when the outboard leading-edge flap hinge stiffness is only a
few percent of its nominal value. The three low-frequency
modes that are important in flutter are plotted in Fig. 6¢c using
a hinge stiffness of 2.8% of its nominal value. The mode
shapes are quite similar to those in Fig. 6a with the exception
of the outer leading-edge flap where large deflections are
detected. This is to be expected since the hinge stiffness is very
small.

Flutter always involves the W1T/F1B and W1B/F1B modes
regardless of the value of hinge stiffness used. In Fig. 10, the
normalized flutter speed and frequency are plotted against the
normalized stiffness. Limit-cycle oscillations can occur in a
small speed range between 0. 975 and 1 for stiffnesses greater
than 0.275. Oscillatory motion to the left of x will decay, while
to the right of x, the amplitude will grow until it reaches y
where limit-cycle flutter will occur. Any amplitude or hinge
stiffness larger than that at y will decrease until it reaches the
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value at y. Above a normalized flutter speed of 1.08, the
region bounded by thé curves r-s and t-u has a peculiar
behavior since an initial motion with a given amplitude will
decay until it reaches curve r-s, where any further decrease in
amplitude or stiffness will result in divergent flutter. In the
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Fig. 10 Effect of outboard leadrng-'edge flap hinge stiffness on flut-
ter speed and frequency.
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Fig. 11 Normalized flutter speed vs amplitude ratio for the leading-
edge flap hinge at four flaps-aileron settings.
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-presence of steady-state aerodynamic loading, the equilibrium

point of the outboard leading-edge flap hinge will fall outside
the free play and the equivalent stiffness can be equal to or
greater than 0.275. This value of the stiffness corresponds to
point u in Fig. 10. Hence, for the four cases considered in this
study which are shown in Fig. 3c, only the portion of the
flutter boundary u-x-y-z is applicable.

Figure 11 shows the normalized flutter speed vs amplitude
ratio for the four flaps-aileron settings. As the hinge moment
increases to larger values, the stiffness approaches its nominal
value and the range of flutter speed, where limit-cycle oscilla-
tions can occur, diminishes until finally only divergent flutter
is possible.

Conclusions

Analysis of the flutter characteristics of the CF-18 alrcraft
with structural nonlinearities can be dealt with quite effec-
tively using the describing-function approach. With a nonlin-
earity of the type represented by a bilinear spring at the
wing-fold hinge and with insufficient preload, binary flutter
of the wing bending and torsion modes is replaced by the wing
torsion and outer wing rotation modes. Limit-cycle oscilla-
tions can occur with considerable increase in flutter speed
above that for nominal hinge stiffness.

Representing the outboard leading-edge flap hinge nonlin-
earity by a free play, it is shown that, using ground test data
for the particular hinge under consideration, limit-cycle oscil-
lations are possible within a small range of the normalized
flutter speed from 0.975 to 1 for stiffnésses greater than 0.275
of its nominal value. The flutter modes remain unchanged
even for very small values of the hinge stiffness, and modal
analysis of the wing bending and torsion modes shows the
frequencies to remain practically constant.

Positive aileron angles are more effective in allev1at1ng
limit-cycle flutter due to stiffness nonlinearity at the wing fold
than negative angles. Similar observations are also made for
the outboard leading-edge flap hinge, where downward deflec-
tion of the aileron gives larger values of the preload and,
hence, stiffer values for the equivalent spring.
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