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This paper presents experimental results corroborating the analysis developed in the companion paper, Part 1
(Lee, Y., Vakakis, A., Bergman, L., McFarland, M., and Kerschen G., “Suppression Aeroelastic Instability Using
Broadband Passive Targeted Energy Transfers, Part 1: Theory,” AIAA Journal, Vol. 45, No. 3, 2007, pp. 693-711),
and demonstrates that a nonlinear energy sink can improve the stability of an aeroelastic system. The nonlinear
energy sink was, in this case, attached to the heave (plunge) degree of freedom of a rigid airfoil which was supported
in a low-speed wind tunnel by nonlinear springs separately adjustable in heave and pitch. This airfoil was found to
exhibit a limit cycle oscillation at flow speeds above the critical (“flutter”) speed of 9.5 m/s, easily triggered by an
initial heave displacement. After attachment of a single degree of freedom, essentially nonlinear energy sink to the
wing, the combined system exhibited improved dynamic response as measured by the reduction or elimination of
limit cycle oscillation at flow speeds significantly greater than the wing’s critical speed. The design, application, and
performance of the nonlinear energy sink are described herein, and the results obtained are compared to analytical
predictions. The physics of the interaction of the sink with the wing is examined in detail.

I. Introduction

HILE uncommon in some types of aircraft operations, the
phenomenon of aeroelastic instability is often limiting in
others. Military aircraft flying at transonic speeds, or with varying
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configurations of external stores, are especially prone to instabilities
such as limit cycle oscillation (LCO). Denegri [1] and Bunton and
Denegri [2] observed limit cycle oscillations in flight tests of the
F-16 and F/A-18 when certain wing-mounted stores were present.
Croft [3] discussed limit cycle oscillations in the elevators of
several Airbus passenger airplanes. The development of divergent
flutter, leading to immediate structural failure, is rare, but sustained
LCO can cause structural damage, including fatigue. In addition,
the need to avoid flight conditions (speeds, attitudes, and aircraft
configurations) conducive to instability leads to onerous restrictions
on operations and increased pilot workload. The establishment
of safe flight envelopes often requires extensive and costly
flight-test programs, which must be repeated for each change in
aircraft configuration (e.g., the introduction of a new type of
external store).

Many authors have studied the causes of limit cycle oscillations.
The common factor in all aircraft systems exhibiting limit cycle
behavior is aeroelastic nonlinearities. These nonlinearities can exist
in the flowfield, the structure, or both. Dowell et al. [4] provides an
excellent summary of recent studies done in the fields of
aerodynamics and structural dynamics to understand nonlinear
aeroelasticity. Cunningham [5] and Hartwich et al. [6] examined
nonlinear aerodynamics and the contributions these nonlinearities
make to producing LCOs. Chen et al. [7] described the role of
nonlinear structural damping in the development of LCOs, and
Gilliatt et al. [8] and Thompson and Strganac [9] examined the
influence of internal resonance on LCO behavior.

Stiffness nonlinearity was examined by Tang and Dowell [10],
who described LCO as the interaction of the nonlinear structure with
nonlinear aerodynamics and provided experimental and theoretical
results. Many analytical studies of nonlinear stiffness were
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performed by O’Neil [11], O’Neil et al. [12], Sheta et al. [13], and
Thompson and Strganac [9]. These were all experimentally validated
using the nonlinear aeroelastic test apparatus (NATA) in a low-speed
wind tunnel at Texas A&M University.

Many authors have also studied methods for controlling or
suppressing limit cycle oscillations. Ko et al. [14] and Block and
Strganac [15] developed several control laws using linear theory,
partial feedback linearization, and adaptive control to stabilize an
inherently unstable aeroelastic system with a single trailing-edge
control surface. Platanitis and Strganac [16] used feedback
linearization and model reference adaptive control to stabilize an
aeroelastic system with leading- and trailing-edge control surfaces.
These authors have shown that active control can be used to raise the
threshold velocity above which LCOs occur. Although active control
has been shown to be effective in suppressing LCOs, these methods
require significant use of control resources. Active methods also
require sensors capable of constantly providing accurate measure-
ments for feedback into the controller.

That new fundamental insights into the conditions leading to LCO
development and the underlying dynamical mechanisms continue to
emerge is a reflection of the difficulty and complexity of the problem,
but these developments also offer new opportunities to address the
limitations posed by instabilities. It is one such advance that forms
the basis for the work reported in this paper and its companion, Part 1
[17]. Specifically, knowledge of the sequence of energy transfers and
resonance captures occurring during the onset of LCO of a rigid
airfoil on nonlinear elastic supports, described by Lee et al. [18], can
be exploited to suppress (reduce or eliminate) this LCO. This is
achieved through the attachment of a passive, lightweight, single-
degree-of-freedom (SDOF) module, a nonlinear energy sink (NES),
coupled to one or both of the degrees of freedom of the wing through
an essentially nonlinear spring. The dynamics of the combined
system thus formed have been studied extensively, with the results
reported in Part 1 [17]. In this second part, the experimental
validation of that analysis is described.

A series of earlier papers [19-28] discusses targeted energy
transfer (TET), or “energy pumping,” from a directly excited primary
structure to an NES. The NES is a simple, fully passive device that is
able to dramatically modify the global dynamics of the system it is
attached to despite being a local modification. We have demonstrated
by analysis and simulation that the implementation of the NES on a
Van der Pol oscillator, which is well known to exhibit limit cycle
behavior, leads to complete suppression of the LCO over a wide
range of the NES parameter space [29]. We have examined the well-
known and long-used aeroelastic scenario of a cubically nonlinear
rigid wing in a quasi-steady flowfield and shown, for the first time,
that LCO formation is a consequence of a series of resonance
captures and escapes, and that the heave mode is the unique trigger
for the pitch mode LCO [18]. And we have implemented the NES on
an aeroelastic system and have shown that, as in the Van der Pol
system, suppression occurs over a broad range of NES parameters in
three distinct mechanisms: alternate bursting and elimination,
complete elimination, and attenuation. The last of these applications
of the NES is reported in this paper.

The potentially unstable aeroelastic structure considered herein is
arigid airfoil in a low-speed wind tunnel. This wing was mounted on
separately adjustable springs restraining its motion in heave (plunge)
and pitch. This apparatus has been used by Strganac et al. in several
experiments on passive and active aeroelastic control [14-16], in
the course of which it has been very thoroughly characterized.
In the absence of any corrective measures, this wing has a criti-
cal speed of approximately 9.5 m/s. When the flow speed in the
wind tunnel exceeds this value, LCO can readily be induced by a
small initial displacement of the heave degree of freedom. An
NES was designed to be coupled to this airfoil’s heave motion, with
the goal of increasing the critical speed of the combined system
above that of the wing alone. In this paper, we compare measured
responses of the wing and of the wing-NES system to predictions
from analysis and simulation in an effort to both quantify the
performance improvement and verify our analysis of the underlying
dynamics.

II. Experimental Apparatus and Procedures

The hardware used in the tests reported below is broadly divisible
into the wind tunnel, the model wing, and its supporting structure; the
nonlinear energy sink and its support; and the equipment used to
measure the response of both substructures. These systems are
described separately in the following sections.

A. Wind-Tunnel Model of 2-DOF Rigid Wing

The NATA at Texas A&M University was developed to
experimentally test linear and nonlinear aeroelastic behavior. The
device consists of a rigid NACA 0015 wing section capable of
movement with 2 degrees of freedom, pitch, and heave, as shown
schematically in Fig. 1. Stiffness nonlinearity can be introduced in
either degree of freedom. The device is mounted in 2 0.61 x 0.91 m
low-speed wind tunnel capable of speeds up to 45 m/s. Each degree
of freedom of the NATA wing is supported by its own set of springs.
Heave motion, which mimics out-of-plane bending of the wing, is
provided by mounting the wing on a carriage which can slide from
side to side on shafts mounted under the wind tunnel. The motion of
the carriage is restricted by springs stretching from the rigid frame of
the wind tunnel to a rotating cam. The carriage is attached to the same
cam such that its movement is resisted by the springs, as shown in

Fig. 1 A typical two-dimensional aeroelastic wing with 2 degrees of
freedom, heave % and pitch «.

Linear Cam

/— Plunge Spring

Pitch Spring

Fixed

Nonlinear Cam

— Plunge Constraint

Equilibrium Spring

Fig. 2 The supporting structure of the nonlinear aeroelastic test
apparatus (NATA).

Fig. 3 Schematic of the NATA.
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Fig. 4 Photo of the NATA. Air flow is left to right. The plunge carriage
and pitch cam are visible beneath the tunnel.

Figs. 2 and 3. The wing section stands vertically in the wind tunnel,
spanning the entire tunnel from top to bottom, as shown in Fig. 4. The
wing is attached to a shaft that exits through the tunnel floor and
mounts via rotational bearings to the plunge carriage beneath the
tunnel. These bearings allow the wing to pitch (rotate), simulating
torsion of the wing. The pitch springs each have one end rigidly fixed
to the plunge carriage. Their other ends wrap around a cam on the
pitch shaft. A photograph of the NATA, depicting the wing section
inside the wind tunnel and the plunge carriage and pitch cam below
the tunnel, is shown in Fig. 4.

The shape of the cams in each degree of freedom determines
whether the response will be linear or nonlinear. A circular cam gives
a linear spring force while a nonlinear (e.g., parabolic) cam provides
a hardening stiffness. Each degree of freedom can be made linear or
nonlinear independent of the other. All tests described herein used a
linear plunge cam and a nonlinear pitch cam.

The equation of motion of the NATA may be written

Mi+ Cx+ Kx=F,+F, €))
where
x(1) = {h(t) a(n)}’ 2)

with & and o being the wing heave and pitch displacements,
respectively, F. embodies Coulomb friction forces, and

F,={-L M}’ 3)

contains the aerodynamic force and moment on the wing. In Eq. (1),
M is a mass matrix, C a damping matrix which includes a nonlinear
kinematic term, and K a stiffness matrix. These matrices are
expressed in terms of the physical parameters of the system, defined
in Table 1, as

10 T T T T T
*  Measurement
Model : : b

Moment (N-m)

_10 1 1 1 1 1
-15 -10 -5 0 5 10 15

Angular Displacement (deg)
Fig. 5 Measured stiffness and fitted model of NATA pitch spring.
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and

[k, ©

k= [ 0 ka(a)] (40)

The stiffness in pitch is denoted k, («) to signify that the nonlinear
stiffness is a function of «, and is represented by

k() = 8.6031 — 27.67a + 867.150% + 376.64a> — 7294.60*
()

the result of a least-squares fit to measurements of angular
displacement of the system and the restoring moment created by the
nonlinear pitch cam. The stiffness model of Eq. (3) and the measured
moment values are plotted versus angular displacement in Fig. 5.

Experiments using the NATA are conducted at very low speeds
and at very low reduced frequency. The wing section spans the entire
wind tunnel, so the flow can be considered two dimensional. For this
tame flow environment, lift and drag can be modeled with quasi-
steady aerodynamics. This type of aerodynamic model has provided
very good agreement with NATA experimental results in the past.
Friction has a significant effect on the dynamic behavior of the
NATA system; both viscous damping and Coulomb friction appear
in Eq. (1).

Table 1 NATA parameter values

Parameter Symbol Value Units
Wing mass my, 1.645 kg
Pitch cam mass m, 0.714 kg
Total plunging mass mr 12.1 kg
Total pitching inertia I, 0.04561 + m,, 12, kg - m?
Wing mass offset Teg —b(a +0.18) m
Wing section semichord b 0.1064 m
Nondimensional elastic axis location a —-0.4 —_—
Pitch cam mass offset r. 0.127 m
Viscous plunge damping coefficient ch 5.0747 kg/s
Viscous pitch damping coefficient Cq 0.015 kg-m?/s
Plunge spring stiffness ky, 2537.2 N/m
Pitch spring stiffness ke Equation (5) N-m/rad
Wing section span s 0.6 m
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B. Addition of the Nonlinear Energy Sink

For the first proof-of-concept experiments with an NES in an
aerodynamic application, the design goals were similar to what
would be desired of flight hardware, tempered by the realities of the
laboratory environment and the scale of the test program. It was
desired to design a lightweight, passive, self-contained attachment
that would significantly improve the dynamic response of the NATA
under typical operating conditions. “Lightweight” here must be
construed as small with respect to the total translational mass m, of
the NATA. When the structure supporting the wing section was
taken into account, it was found that m, = 12 kg. To make the best
use of available hardware, it was convenient to fix the mass of the
NES at m; = 1.2 kg, corresponding to a mass ratio, in heave, of
my/m; = 10%. Because of the manner in which the wing is
supported in the NATA, it was possible to regard the NES as
interacting directly with only the heave degree of freedom of the
wing; that is, the NES was effectively mounted at the elastic axis of
the NATA wing. (The analysis of Part 1 [17] suggests that it would in
general be better to attach the NES away from the wing’s elastic axis,
but to achieve that with the NATA would require much more
extensive modifications.)

With the mass fixed, preliminary design of the NES was reduced to
the specification of the linear viscous damping coefficient ¢, and the
essentially nonlinear spring stiffness k, coupling the NES mass m, to
the NATA plunge displacement %(z). The ranges of values of these
two parameters that could be readily produced with the existing NES
had been established in earlier experiments on other (non-
aerodynamic) NES applications, and data were available relating
nonlinear stiffness and coupling efficiency at low structural
frequencies. On this basis, values of the stiffness and damping were
selected, then refined through a series of numerical simulations
carried out using MATLAB.

The coupled equations of motion of the NATA and the NES are

R R
{5151+

where M, C, K, and x(¢) are the mass, damping, and stiffness
matrices and the displacement vector of the 2-DOF NATA, defined
above, v(f) is the NES displacement, F,. and F, are friction and
aerodynamic forces as before, and

Fs = {_fs O}T (7)

represents the force f exerted on the NATA (in plunge) by the NES.
The NES dynamics are governed by

msﬁ(t) = _f.v(t) (8)
where
fy=c,(0—h) + kJv— h*®sgn(v — h) )

The exponent shown, 2.8, is typical of the values experimentally
identified for the (theoretically purely cubic) coupling spring.

The results of these simulations indicated that good performance
could be achieved over a range of damping values and with nonlinear
coupling stiffnesses among the lower values previously realized.
Although the viscous damping coefficient ¢, does affect the rate and
amount of energy pumping in the combined system, the simulations
were relatively insensitive to this parameter and so a value of
0.40 Ns/m, typical of damping levels previously identified, was
chosen. Additional simulations showed values of k, in the range
[1.0,2.0] x 105 N/m??® to produce an effective NES, with larger
values in this range to be preferred for practical reasons, such as
smaller relative displacements during testing. The values for a
preliminary NES design are collected in Table 2.

The NES used with the NATA in the experiments described here
consisted of a small “car” made of aluminum angle stock. The car

Table 2 Nominal NES parameter values. Actual values were
identified and adjusted during testing

Parameter Symbol Value Units
NES mass my 1.2 kg

Viscous damping coefficient Cy 0.40 Ns/m
Spring stiffness k, 1.6 x 10°  N/m?$

was supported on an air track (fed with shop air at 4 atm) to reduce
sliding friction in the system, and was connected to the NATA
through the viscous damper and the essentially nonlinear spring. The
spring was created by securing a pair of thin wires perpendicular to
the relative movement of the NATA and the NES (i.e., to the heave
motion of the NATA) as shown in Fig. 6. The wires were mounted
with no initial tension and hence their spring force had no linear
component. This arrangement of wires ensured that when the NATA
moved with respect to the NES, tension was created in the wires,
ideally providing a cubic restoring force between the two
subsystems. The entire NES assembly was attached to the NATA
plunge carriage through arod. Figures 7 and 8, respectively, show the
NES resting on the air track and installed on the NATA in line with
the plunge carriage.

C. Data Acquisition and Processing

The pitch and plunge motions of the aeroelastic system were
measured with optical angular encoders attached to the cams of the
NATA, whereas NES response was detected using an accelerometer
and integrated numerically to obtain velocity and displacement
signals as needed. The force developed between the NES and NATA
was sensed by a piezoelectric force transducer; this signal was used
only during some of the system identification procedures. Freestream
velocity inside the wind tunnel was determined using a Pitot probe
and an electronic pressure transducer. All of these signals were sent
to a data acquisition board for recording on a PC.

III. Results and Discussion

The first step in performing experiments with the NATA and the
NES was to set the wind tunnel to the desired freestream velocity.
Next, the initial conditions were imposed by manually displacing the
NATA plunge carriage (and thus the NES) and waiting until
equilibrium was established. The system was then released and the
responses measured.

When the flow speed in the wind tunnel exceeded the NATA’s
flutter speed, approximately 9.5 m/s, an LCO could be reliably
induced by releasing the wing from an initial heave displacement 4y,
with all other initial conditions (pitch angle and pitch and heave rates)
zero. Because of the Coulomb friction in the system, very small
values of A (up to a few millimeters) were insufficient to trigger the
wing’s limit cycle response, but for all larger 4 the development of
the LCO was very consistent. In all the experiments conducted with
the NATA and NES, the dynamic behavior of the system was
initiated by such a static heave displacement. As a consequence of the
kinematics of the NATA, these initial conditions produced no
aerodynamic moment on the wing, and when the NES was present its
initial displacement was equal to that of the plunge carriage, k.

The various combinations of flow speed, initial plunge
displacement, and NES characteristics tested are summarized in
Table 3. The mass of the NES was determined with a laboratory
balance, while the stiffness of the essentially nonlinear coupling
spring and the associated viscous damping coefficient were
identified using the restoring force surface method [30]. The
damping force produced by the motion of the NES car on the air track
was by comparison very small, and has been neglected throughout
this work. The ratio of the NES mass, 1.2 or 1.5 kg, to the
translational mass of the NATA was 10 or 12.5%, respectively.
Although these may be unrealistically large values for flight
hardware, they are not unreasonable for purposes of validating the
analysis given in the companion paper, Part 1 [17]. The analysis
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Viscous Damper

4+— Connecting Rod to NATA

7“‘, ’ \ Nonlinear Spring Wires

a)

b)

Fig. 6 The nonlinear energy sink (NES): a) hardware used with the NATA ; b) mass partition (the dark portion moved with wing plunge motion, while

the light portion constituted the NES mass).

3 e L& ;
Fig. 7 The NES at rest on the air track. The connecting rod to the
NATA is visible at the top. Wing heave and NES motion are parallel to
the track.

discussed there treats an NES of finite mass, and it clearly indicates
that energy transfer performance will not be degraded as the sink
mass is made smaller.

A. Summary of Time-Response Data

Time histories of the heave and pitch responses of the various
configurations at several flow speeds are shown in insets within
Figs. 9-11. In each case, the response of the NATA with no NES is
shown for reference. On these are superimposed responses with the

NES attached, which demonstrate the three LCO suppression
mechanisms discussed in Part 1 [17] of this study: 1) recurring burst
out and suppression; 2) intermediate (partial) suppression; and
3) complete elimination. The steady-state amplitudes of the LCOs, if
any, are plotted in these figures as discrete points for each flow speed
at which tests were conducted (9, 10, 11, 12, and 13 m/s). When the
amplitude of an LCO response exhibited modulation (i.e., the first
suppression mechanism was observed), a pair of points has been
plotted to indicate the range of the response envelope.

Itis clear from these figures that, with no NES attached, the NATA
was stable at a flow speed of 9 m/s. At this speed, the heave and pitch
responses following an initial heave displacement of either 1.27 or
1.91 cm (with other initial conditions zero) decayed to the original
static equilibrium. When the flow was increased to U = 10 m/s or
more, the NATA’s response to initial displacement of either
magnitude exhibited a highly repeatable limit cycle, with amplitude
and frequency depending on U. These findings are consistent with
earlier estimates of U; = 9.5 m/s for the flutter speed of the NATA.
The precise flutter speed is of limited interest here; it was enough to
show that robust LCO existed at U = 10 m/s and above before the
NES was attached.

Concerning the LCO triggering mechanism [18] in the NATA, we
observe that there was a nonlinear interaction between the two
aeroelastic modes through a 1:1 internal resonance. Although the
dynamics did not involve a stage of superharmonic resonance
capture for the particular parameters (e.g., frequency ratio) of the
NATA as configured for these tests, it did display a phase-locked
frequency shift with time (and thus with increased energy fed into the
system from the freestream).

The dashed lines in Fig. 9 connect points representing the LCO
amplitudes observed for the NATA after connection of an NES with
parameters having the baseline values show in boldface in Table 3.
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Fig. 8 The NES and air track structure mounted to the wind-tunnel
frame of the NATA. Wing heave and NES motion are out of the page.

This configuration had the smaller mass (m, = 1.2 kg), weaker
essentially nonlinear coupling stiffness (k, = 1.6 x 10° N/m?#),
and smaller damping coefficient (¢, = 0.015 Ns/m) of the values
tested. From the figure, we immediately note a remarkable
improvement in flutter speed, from 9 to 11 m/s, achieved for either
initial heave displacement (1.27 or 1.91 cm). Accompanying the
increase in flow speed beyond 11 m/s is a transition from complete
LCO suppression to intermediate suppression (i.e., LCO with an
amplitude less than that observed in the NATA with no NES). We
also observe that while the response amplitude decays almost
exponentially when U =10 m/s, the decay is slower and the
dynamics more complicated when U = 11 m/s (although complete
suppression is still achieved).

The effects of varying the initial conditions or NES parameters on
the response of the combined system are generally in agreement with
theoretical predictions that increasing the NES mass and decreasing
the damping or nonlinear stiffness tend to simplify the bifurcation
behaviors of the steady-state dynamics and thus increase the
robustness of LCO suppression. It is difficult to formulate simple
rules describing these influences because of the high dimension of

Table 3 Experimental conditions and identified NES parameter
values. Baseline values are in boldface

Parameter Value

Freestream speed U 9-13 m/s

Initial heave displacement /(0) 1.27 cm (0.50 in.), 1.91 cm (0.75 in.)
NES mass m; 1.2,1.5kg

Nonlinear stiffness k,
NES damping c;

1.6 x 10%,2.0 x 10° N/m?8
0.015, 0.040 Ns/m

LCO suppression results with h(0)= 1.27cm (0.5"): Weak stiffness

’ U=10m/5 ' ' j I ! m
—~ 1F U=11m/s U=10m/s  U=11m/s  U=12m/s U=13rE]/s/ A
€ (High damping) / /
S -
< U=12m/s o M2, -7 M2—»g
g Wm A ‘
& 05 / - oA
[} U=13m/s s
(Low damplng) / / \‘29
U=11m/s U=10m/s U 11m/s  U=12m/s g———"
T 0.15, (High damping) o su
ppressed LCO
g o ~ with high damping
3 U=12m/s .
-~ 01r LCO w/o NES .
< s
2 /
o U=13m/: Suppressed LCO
0.05r i with low damplng\
0 (Low dampingz‘k R R 4 K
8 9 10 11 12 13
Flow speed, U (m/s)
a)
LCO suppression results with h(0)= 1.905cm (0.75"): Weak stiffness
10m/é U=10m/s U=11m/s’ U=12m/s’ U=13m/s
»_ Wm WM o
= 1r U 1ims (High damping)
E " 2A
U 12m/s u} M2 _-"
5 | Mot e M
& 0.5 U=13m/s M "‘Rm ’ TM1 b
%] s
77 iy @ ,
(Low damping) / M3 M3 - 4
~ A A
0.8 F U=Tom/g U=10m/s " U=11m/s ' U=12m/s ' u T3m/s ]
AR ’m i 3
" ! ]
= 0.15F U=11m/s (High damping) _
8 $ i / $
= - LCO wfo NES AN
t{ 01k U=12m/s A ]
< ’
2 z
o U=13m/s Suppressed LCO Suppressed LCO
0.05+ / with low dampmg\ with high damping-
(Low damping)
O s A A Il
8 9 10 11 12 13
Flow speed, U (m/s)
b)

Fig. 9 Experimental responses (gray: without NES; black: with NES)
obtained with the smaller NES mass (m; =1.2 kg) and weaker
nonlinear stiffness (k, = 1.6 x 10° N/m?#%): a) £h(0) =1.27 cm;
b) h(0) = 1.91 cm. Steady-state amplitudes are indicated by [J, NATA
without NES; A, NATA and NES with lower damping
(¢, =0.015 Ns/m); O, NATA and NES with higher damping
(¢, = 0.040 Ns/m). Minimum and maximum values of modulated
amplitude are indicated by pairs of + symbols. M1, M2, and M3 indicate
the suppression mechanism at work.

the phase space and the possible presence of subcritical LCO
behavior, discussed in Part 1 [17]. However, we can make the
following observations:

1) Stronger nonlinear coupling stiffness reduces the dependence
of LCO suppression on the amplitude of the initial displacement.

2) Weaker nonlinear coupling stiffness can result in higher flutter
speeds (i.e., in complete LCO suppression at higher flow speeds).

3) Greater NES damping usually produces better LCO
suppression, although this may come at the expense of increased
sensitivity to initial conditions.

4) Increasing the mass of the NES improved its performance
following the smaller initial heave displacement, but the larger initial
condition then produced more complex (and generally inferior)
results. This is consistent with earlier findings that sinks of this
configuration will actually benefit from having a small mass ratio,
and suggests that the mass of the NES used in this study was rather
large compared to the actual optimum value.

Of course, because of the complexity of the bifurcation structure
introduced by the NES these points may not apply when the
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LCO suppression results with h(0)= 1.27cm (0.5"): Strong stiffness
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Fig. 10 Experimental responses (gray: without NES; black: with NES)
obtained with the smaller NES mass (m; =1.2 kg) and stronger
nonlinear stiffness (k, = 2.0 x 10° N/m2%): a) h(0) =1.27 cm;
b) £(0) = 1.91 cm. Steady-state amplitudes are indicated by [J, NATA
without NES; A, NATA and NES with lower damping
(¢, =0.015 Ns/m); O, NATA and NES with higher damping
(¢, = 0.040 Ns/m). Minimum and maximum values of modulated
amplitude are indicated by pairs of + symbols. M1, M2, and M3 indicate
the suppression mechanism at work.

operating conditions or NES parameter values are much different
from those tested.

B. Identified LCO Suppression Mechanisms

Figure 12 depicts the first suppression mechanism, observed at
U=11m/s with an NES of lighter mass, weaker nonlinear
coupling stiffness, and higher damping. In agreement with theory,
both the aeroelastic modes and the NES response exhibit nonlinear
beating, that is, recurring burst out and suppression of instability
occurs.

The frequencies of the aeroelastic modes exhibit a 1:1 relationship,
initially around 2 Hz and later sustained at about 3 Hz. This can be
most clearly seen in Fig. 12b, which depicts frequency vs time as
computed by taking the wavelet transforms (WTs) of the time
responses in Fig. 12a. The ratio between the NES frequency and that
of the heave mode, and between the NES and the pitch mode, is 1:2.
This suggests that this suppression mechanism consists primarily of
recurring transient subharmonic resonance captures between the

LCO suppression results with h(O) 1.27cm (0.5"): Mass effect
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Fig. 11 Experimental responses (gray: without NES; black: with NES)
obtained with the larger NES mass (m; = 1.5 kg) and weaker nonlinear
stiffness (ky, = 1.6 x 10° N/m?%): a) h(0) =1.27 cm;
b) £(0) = 1.91 cm. Steady-state amplitudes are indicated by [J, NATA
without NES; A, NATA and NES with lower damping
(¢, =0.015 Ns/m); O, NATA and NES with higher damping
(¢, = 0.040 Ns/m). Minimum and maximum values of modulated
amplitude are indicated by pairs of + symbols. M1, M2. and M3 indicate
the suppression mechanism at work.

NES and the aeroelastic modes, while the two aeroelastic modes
remain continually in 1:1 internal resonance.

Figure 13 shows the energy exchanges between these modes and
the NES. The instantaneous energy was computed as the sum of the
kinetic and potential energies and normalized by the total energy in
the system. The underlying triggering mechanism is that of Lee et al.
[18], where energy is fed into the heave mode from the flow and then
produces the pitch response. The NES interacts transiently with the
heave mode at the onset of this pitch response (0 <t <7 s),
preventing full development of the LCO. Almost half the total energy
is transferred to the NES within 2 s. Subharmonic resonance capture
is generally less efficient than 1:1 resonance capture for energy
transfer, and we conjecture that in the responses considered here the
1:2 subharmonic resonance captures between the NES and the
aeroelastic modes were not sufficient to inhibit the 1:1 internal
resonance of those modes.

Figure 14 depicts the second suppression mechanism,
intermediate suppression, observed when U = 13 m/s, with an
NES of lighter mass, weaker nonlinear coupling stiffness, and higher
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First suppression mechanism: U=11m/s and h(0)=1.905cm (0.75")
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Fig. 12 Typical responses showing the first LCO suppression
mechanism: a) time histories; and b) wavelet transform magnitudes.
U =11 m/s; NES: heavy mass, weak coupling, and high damping;
h(0) =1.91 cm.
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Fig. 14 Typical responses showing the second LCO suppression
mechanism: a) time histories; and b) wavelet transform magnitudes.
U =13 m/s; NES: light mass, weak coupling, and high damping;
h(0) =1.27 cm.

damping. After the initial transients die out, this system exhibits
steady LCO of reduced amplitude (compared to the NATA without
NES). Again, there exists strong nonlinear interaction between the
heave and pitch modes through 1:1 internal resonance, and the NES
undergoes 1:2 subharmonic resonance capture with the aeroelastic
modes.

The third suppression mechanism, complete elimination of LCOs,
is shown in Fig. 15 for a flow speed of U = 10 m/s, with a smaller
NES mass, stronger nonlinear coupling, and higher damping. It is
characterized by quick, complete elimination of aeroelastic
instability. From the WT plot in Fig. 15b, it can be seen that while
the aeroelastic modes are again in 1:1 internal resonance and the NES
interacts with them in 1:2 subharmonic resonance as in the two cases
discussed immediately above (suppression mechanisms 1 and 2), the
NES also develops a 1:1 interaction with the heave mode. This 1:1
resonance capture suffices to eliminate the instability for this flow
speed and initial disturbance.

Figure 16 shows another example of complete suppression. The
flow speed has been increased to 11 m/s and the coupling stiffness
reduced to its smaller value, with the result that LCO suppression is
achieved only after several seconds of a modulated response which
superficially resembles the bursting and suppression of the first
mechanism. However, when the frequency content is examined, it is
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Third suppression mechanism1: U=10m/s and h(0)=1.27cm (0.5")
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Fig. 15 Typical responses showing the third LCO suppression
mechanism: a) time histories; and b) wavelet transform magnitudes.
U =10 m/s; NES: light mass, strong coupling, and low damping;
h(0) =1.27 cm.

found that the NES interacted with both aeroelastic modes,
ultimately overcoming the 1:1 internal resonance between the heave
and pitch modes to stabilize the system.

IV. Conclusions

The experiments reported herein successfully validate several
aspects of the theory presented in the companion paper, Part 1 [17].
The triggering of aeroelastic instability in the NATA is due to 1:1
internal resonance between the heave and pitch modes; there is no
transition to superharmonic resonance capture because the ratio of
the natural frequencies of these modes is close to unity. With the NES
attached at the elastic axis of the NATA, the main LCO branches of
the NATA are preserved, and there still exist aeroelastic instabilities.
However, the NES induces other branches through degenerate high-
codimensional bifurcations, and these new branches are responsible
for the three LCO suppression mechanisms. The key to achieving
LCO suppression with the NES is to design a device that will interact
strongly with the aeroelastic modes through 1:1 resonance captures.
Increasing the mass of the NES and decreasing its damping and
essentially nonlinear stiffness tend to simplify the bifurcation
structure of the steady-state dynamics and thus to increase the
robustness of LCO suppression. The data presented herein show that
the NES improved the stability of the NATA wing, suppressing LCO

Third suppression mechanism 2: U=11m/s and h(0)=1.27cm (0.5")
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Fig. 16 Third LCO suppression mechanism strongly affected by 1:1
internal resonance between the aeroelastic modes: a) time histories; and
b) wavelet transform magnitudes. U = 11 m/s; NES: light mass, weak
coupling, and low damping; 2(0) = 1.27 cm.

at flow speeds up to 12 m/s, significantly faster than the wing’s
original critical speed of 9.5 m/s, without introducing undesirable
new dynamics.
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