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A nonlinear energy sink (NES) is used to suppress panel flutter. A nonlinear aeroelastic model for a two-dimensional flat panel with
an NES in supersonic flow is established using the Galerkin method. First-order piston aerodynamic theory is adopted to build the
aerodynamic load. The effects of NES parameters on flutter boundaries of the panel are investigated using Lyapunov’s indirect
method. The mechanism of the NES suppression of panel flutter is studied through energy analysis. Effects of NES parameters
on aeroelastic responses of the panel are obtained, and a design technique is adopted to find a suitable combination of
parameter values of the NES that suppresses the panel flutter effectively. Results show that the NES can increase or reduce the
onset dynamic pressure of the panel flutter and it can reduce the aeroelastic response amplitude effectively within a certain
range of dynamic pressure behind the onset dynamic pressure. The installation position of the NES depends on the direction of
the airflow. The robust characteristics should be considered to find the suitable combination of parameter values of the NES.

1. Introduction

Panel flutter, which is a type of dynamic aeroelastic instabil-
ity resulting from the interaction of aerodynamic, inertial,
and elastic forces, can be described as a self-excited oscilla-
tion of the external skin panel of a flight vehicle with one side
exposed to, usually, supersonic or hypersonic airflow. There
have been some accidents resulting from panel flutter since
flight vehicles reached supersonic speeds in the 1950s [1].
Consequently, panel flutter problems have been widely
studied by aeroelastic researchers for decades [2–6]. Because
of the geometric nonlinearity of panel vibration, panel flutter
usually exhibits limited amplitude vibration, which can lead
to fatigue failure, rather than divergent vibration. Different
strategies [7–11], including active and passive controls, have
thus been proposed to increase the onset dynamic pressure of
the panel or suppress the aeroelastic amplitude. While active
control has been shown to be effective in suppressing
structural vibration, however, this method requires external

actuators and sensors. There are no such requirements in
passive vibration control, which is inherently robust and
simple to implement.

This work proposes a passive control strategy, namely,
the use of a nonlinear energy sink (NES), to suppress panel
flutter or reduce the aeroelastic response of the panel. The
NES comprises a small mass, a linear damper, and a nonlin-
ear spring and is attached to the panel at a predetermined
position. Unlike the linear dynamic absorber, which is effec-
tive only in a narrow frequency band, the NES is effective
within a broadband range of frequencies [12] owing to the
nonlinear stiffness of the NES. The NES has mostly been
studied in discrete vibration systems of coupled oscillators
[13–16]. Georgiades and Vakakis [17] first attached the
NES to a continuous primary vibration system (a linear beam
structure) and proposed that the NES could be applied to the
suppression of structural dynamic instabilities, such as limit
cycle oscillations and flutter. Since then, the NES had been
applied to suppress the vibration of many structures, includ-
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ing rods [18], beams [19, 20], plates [21, 22] and fluid-
conveying pipes [23]. Recently, Lee et al. [24] demonstrated
that the NES can improve the stability of the aeroelastic
system of a two-dimensional (2D) wing by experiments and
theoretical analysis. Bichiou et al. [25] demonstrated the
effectiveness of the NES in controlling the flutter of a 2D
wing and realized the beneficial effect of the NES in reducing
the pitch and plunge amplitude; however, this reduction is
limited to a small region of free-stream velocities above the
flutter speed. Ebrahimzade et al. [26] investigated the perfor-
mance of linear passive vibration absorbers and the NES on
the stability properties and nonlinear behaviors of an aero-
elastic system. Yan et al. [27] evaluated the usability of the
NES in controlling the nonlinear transonic flutter of a 2D
wing aeroelastic system and showed that the NES may shift
the wing flutter system to a new equilibrium position, in
terms of the mean oscillation. Zhang et al. [28] studied the
airflow-induced vibration of a 2D wing coupled with two
nonlinear energy sinks in a free stream and analyzed the
relationship between vibration suppression and targeted
energy transfer.

Meanwhile, researchers also have applied the NES to
suppress panel flutter. Zhang et al. [29] applied the NES to
a flat panel aeroelastic system; however, they only investi-
gated the preflutter responses and showed that the NES can
reduce the vibration amplitude of the plate quickly. Pacheco
et al. [30] provided important insights into the mechanism
through which an NES can suppress the panel flutter
response. However, only a few discrete dynamic pressures
were used to illustrate the effectiveness of panel flutter
suppression, and some unique nonlinear behaviors, such as
the phenomenon of transient resonance capture, were not
obtained for the panel-NES aeroelastic system.

The present work investigates the efficiency and mecha-
nism of the suppression of the panel flutter by an NES using
a 2D aeroelastic flat panel system. The governing equations
for a 2D flat panel with an NES in supersonic air flow are
established in Section 2. Stability analysis is performed in
Section 3 to investigate the effects of NES parameters on
the panel flutter boundary. Nonlinear aeroelastic behaviors
are performed in Section 4 to investigate the efficiency and
mechanism of panel flutter suppression using the NES. The
effects of NES parameters on the bifurcation performance
of a coupled aeroelastic panel system are obtained, and a
technique of designing NES parameters is adopted in Section
5. Conclusions are presented in Section 6.

2. Governing Equations

Similar to the study of wing aeroelasticity, the aeroelastic flat
panel model can be simplified to a 2D flat panel in a mecha-
nism study [6]. Figure 1 is a schematic diagram of an aero-
elastic model of a 2D flat panel with an NES. x and z are,
respectively, horizontal and vertical coordinates. The system
comprises a 2D isotropic panel with simply supported
boundary conditions and a nonlinear energy sink with pure
cubic stiffness nonlinearity installed on the panel. The
requirement of pure cubic stiffness nonlinearity of the NES
plays a key role in the realization of targeted energy transfer,

since it precludes the existence of a preferential resonance
frequency for the NES.

The governing equations for a 2D flat panel in supersonic
airflow can be obtained from the literature [31]. On the basis
of the modeling of a hybrid vibration system [32], the gov-
erning equations for a 2D aeroelastic flat panel with an NES
in supersonic air flow can be written as

ρh€w + c _w −Npwxx +Dwxxxx

+ knes w x, tð Þ − v½ �3 + cnes _w x, tð Þ − _v½ �� �
δ x − dð Þ = P

− P∞,
ð1Þ

mnes€v + knes v −w d, tð Þ½ �3 + cnes _v − _w d, tð Þ½ � = 0, ð2Þ

where a dot denotes differentiation with respect to time t,
while the subscript x represents partial differentiation with
respect to x; c is the damping parameter; Np = ðEh/2lÞÐ l0w2

x

dx is the in-plane load; D = Eh3/12ð1 − υ2Þ is the bending
stiffness of the panel; E is Young’s modulus; l is the length
of the panel; υ is Poisson’s ratio; ρ and h are, respectively,
the density and thickness of the panel; P and P∞ are, respec-
tively, the aerodynamic pressures on the upper and lower
surfaces of the panel;w is the vibration deflection of the panel
and v is the displacement of the NES; d, knes, cnes, and mnes
are, respectively, the installation position, nonlinear stiffness
coefficient, damping, and mass of the NES; and δðx − dÞ is
the Dirac function, having a dimension of l−1.

First-order piston theory aerodynamics is sufficient
to simulate the aerodynamic load acting on the panel
surface [5, 6]:

P − P∞ = −
2q
β

wx +
Ma2 − 2
Ma2 − 1

1
U∞

_w
� �

, ð3Þ

where q = ρ∞U2
∞/2 is the dynamic pressure; ρ∞ and U∞ are,

respectively, the density and speed of undisturbed air flow;
β =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ma2 − 1

p
is the Prandtl-Glauert factor; and Ma is the

Mach number.
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Figure 1: A 2D aeroelastic flat panel model coupled with an NES.
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Equations (1) and (2) are expressed in nondimensional
form by defining nondimensional variables
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x
l
,
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d
l
,
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w
h
,
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v
h
,

τ = t

ffiffiffiffiffiffiffiffiffi
D

ρhl4

s
,
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2l3
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,
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s
,
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l2

ρhD

s
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� �
μ
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ð4Þ

Introducing these nondimensional variables into the
coupled aeroelastic panel system of Equations (1) and (2)
gives the dimensionless equations

€W + C _W − 6 1‐υ2
� �

Wξξ

ð1
0
W2

ξdξ +Wξξξξ + λWξ +
ffiffiffiffiffiffiffiffiffi
λRM

p
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+ Knes W ξ, τð Þ −V½ �3 + Cnes _W ξ, τð Þ − _V
	 
n o
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� �

= 0,

ð5Þ

Mnes €V + Knes V −W �d, τ
� �	 
3 + Cnes _V − _W �d, τ

� �	 

= 0:

ð6Þ
The Galerkin method is used to discretize the above

motion equations. The displacement of the panel can be
expressed as a series of assumed modes:

W ξ, τð Þ = 〠
N

m=1
am τð Þ sin mπξ: ð7Þ

Substitute Equation (7) into Equations (5) and (6), and
then multiply each term of Equation (5) by sin sπξ and inte-

grating over the panel length. A set of coupled ordinary non-
linear differential equations can be obtained.
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ð8Þ

The study of energy transfer between the panel and NES
requires the evaluation of quantities such as the mechanical
energy and the power dissipation/input. The transient energy
of the panel and the NES should be first defined.

The transient kinetic energy of the panel is

EKp =
1
2
ρh
ð l
0
_w2dx: ð9Þ

The transient potential energy of the panel is

EPp =
1
2
∭

V
σxεxdV =

1
24

Eh3
ðl
0
w2

xxdx +
1
8
Eh
ðl
0
w4

xdx,

ð10Þ

where σx = Eεx denotes the stress components corresponding
to the in-plane strains and εx = −zwxx +w2

x/2 is the in-plane
strain induced by the out-of-plane displacement.

The transient kinetic energy of the NES is

EKn =
1
2
mnes _v

2: ð11Þ

The transient potential energy of the NES is

EPn =
1
4
knes w d, tð Þ − v½ �4: ð12Þ

The input energy provided by the air flow before time t is

EF =
ðt
0

ð l
0
P − P∞ð Þ _wdxdt: ð13Þ
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The total input energy is the sum of the initial energy
provided by the initial conditions and the work done by the
air flow:

EI = E0 + EF: ð14Þ

The total energy dissipated by the panel and NES before
time tis

ED =
ðt
0

c
ð l
0
_w2dx + cnes _w d, tð Þ − _v½ �2

� �
dt: ð15Þ

The total transient energy of the panel is

ETp = EKp + EPp: ð16Þ

The total transient energy of the NES is

ETn = EKn + EPn: ð17Þ

In this study, the parameters of the panel are chosen
as [33] follows: l = 0:5m, h = 0:002m, E = 78:55GPa, ρ =
2710 kg/m3, and υ = 0:3. The Mach number and sound
speed of the air flow are, respectively Ma = 2:0 and a =
295:065m/s.

3. Stability Analysis

Transforming the equations of motion into the state space,
the flutter boundary of the aeroelastic panel can be obtained
using Lyapunov’s indirect method. The system variables
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Figure 2: Effects ofMnes and �d on the stability boundaries for different damping coefficients: (a) Cnes = 0:01, (b) Cnes = 0:1, and (c) Cnes = 1.
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ai, V comprise static equilibrium solutions âi, V̂ and small
perturbationsεi, ε2N+1:

ai = âi + εi,

aN+i = εN+i,

V = V̂ + ε2N+1,
_V = ε2N+2,

i = 1, 2,⋯,N:

ð18Þ

In the neighborhood of the static equilibrium solu-
tions, the state-space equations can be linearized as

_ε = Aε, ð19Þ

where ε = ½ε1 ε2 ⋯ ε2N+2�T and A is the Jacobi matrix of
the panel system at ai = âi and V = V̂ . For a flat panel,
âi = 0 and V̂ = 0.

Assuming εi = εi0e
Ωτ, we get the eigenequation of

Equation (19):

A −ΩIj j = 0: ð20Þ

The complex eigenvalue is denoted Ω =ΩR ± iΩI . The
aeroelastic system of the panel with an NES is stable when
ΩR < 0 and unstable whenΩR > 0. The flutter boundary of
the panel with an NES is obtained at ΩR = 0 where the panel
is undergoing harmonic motion.

Figure 2 shows the effect of the nondimensional mass
Mnes, damping coefficients Cnes, and nondimensional instal-
lation position �d on the stability boundaries of the panel with
an NES. The stiffness term of the NES is a pure cubic stiffness
term.When the state-space equations are linearized, the non-
linear stiffness coefficient Knes is not included in the Jacobi
matrix A for the plat panel, and the nonlinear stiffness coef-
ficient thus does not affect the stability boundary of the panel
with an NES. When �d = 0 or �d = 1, the critical dynamic pres-
sure is 344.46, which represents the critical flutter dynamic
pressure of the panel without an NES. It is noted that the sta-
bility boundary of the panel flutter with an NES is symmetri-
cal on both sides of the central position, and the critical
flutter dynamic pressure of the panel with an NES can be
increased or reduced by changing the nondimensional mass,
damping coefficient, and installation position of the NES.
However, the effect of the NES on the stability boundaries
of the panel is relatively small.

4. Nonlinear Aeroelastic Behaviors

This section investigates the nonlinear aeroelastic behaviors
of the panel system with an NES, considering time responses
and bifurcation diagrams, and studies the suppression mech-
anism by an energy-based analysis approach. The aeroelastic
motion equations of the panel with an NES in the state space
can be solved numerically by a fourth-order Runge-Kutta
method, and the nonlinear aeroelastic response of the panel
system with an NES can be obtained. Bifurcation diagrams

are drawn by neglecting the transient response of the system,
obtaining the peak and valley values of the steady-state
response under a certain dynamic pressure, and then, contin-
uously changing the dynamic pressure. The initial conditions
and time step for time-domain response calculation are set at
W0ð�dÞ = 0:0005, _W0ð�dÞ = 0, and Δτ = 0:001. The bifurcation
diagrams are drawn using response data at a position corre-
sponding to 55% (ξ = 0:55) of the chord length.

Figure 3 shows a bifurcation diagram of the panel flutter
response with and without an NES when Mnes = 0:03,
Knes = 80000, Cnes = 0:3, C = 0:2, and �d = 0:55. It is seen
that theNES can reduce amplitudes of the nonlinear vibration
responses effectively in a certain range of dynamic pressure
above the onset dynamic pressure of the panel. According to
the effect of the NES, the bifurcation diagram in Figure 3 can
be divided into four regions: region A (λ ≤ 346:8), in which
the response of the panel with or without an NES converges
to the equilibrium position; region B (346:8 < λ ≤ 348), in
which the response of the panel without an NES exhibits a
stable limit cycle oscillation (LCO), but that of the panel with
an NES converges to the equilibrium position; region C
(348 < λ ≤ 368:8), in which the response of the panel without
an NES exhibits a stable LCO, while that of the panel with an
NES has a random-like vibration or a stable LCO with small
amplitudes; and region D (λ > 368:8), in which the response
of the panel with or without an NES exhibits a stable LCO.
These four regions will be discussed in detail.

4.1. Region A. In region A, the response of the panel with or
without an NES converges to an equilibrium position.
Figure 4(a) compares the responses of the panel with and
without an NES at dynamic pressure λ = 346:8. It is seen that
the NES can drive the panel to the equilibrium position more
quickly than that without an NES. Figure 4(b) depicts the
responses of the panel and NES. It is seen that the response
amplitudes of the NES are smaller than those of the panel,
which illustrates that the targeted energy transfer does not
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Figure 3: Bifurcation diagram of the panel flutter response with and
without an NES.
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occur. This is because the vibration of the panel does not
reach the vibration energy threshold at which the targeted
energy transfer can occur [34].

The reason that the NES can quickly drive the panel to its
equilibrium position can be explained by vibration energy
analysis in Figure 5. The figure shows that the energy dissi-
pated by the damping of the panel-NES system is obviously
more than that dissipated by the damping of the panel with-
out an NES in the initial stage. The net energy of the panel
with an NES will be reduced, which will attenuate the
vibration of the panel. Because panel flutter is a self-excited
behavior, the input energy provided by airflow is then

reduced due to the weakening of panel vibration. This is a
continuous cycle process. Finally, the total energy input by
airflow to the panel with an NES is less than that for the panel
without an NES, and part of the input energy is dissipated by
the damping of the NES while part is dissipated by the damp-
ing of the panel. The NES therefore drives the panel to the
equilibrium position more rapidly.

4.2. Region B. In region B, the response of the panel without
an NES exhibits a stable LCO while the response of panel
with an NES converges to its equilibrium position as shown
in Figure 6(a) at λ = 348. Section 3 revealed that the

0 50 100
𝜏

150 200
–3

–2

–1

0

1

2

3
W

× 10−3

Without NES
With NES

(a)

𝜏

0 10 20 30 40 50
–2

–1

0

1

2

W
/V

× 10−3

Panel
NES

(b)

Figure 4: Time history at λ = 346:8: (a) responses of the panel with and without an NES; (b) responses of the NES and panel.
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parameters such as the nondimensional mass, damping coef-
ficient, and installation position of the NES affect the onset
dynamic pressure of panel flutter. Region B therefore exists
mainly owing to the parameters of the NES. Figure 6(b)
shows the responses of the panel and the NES, which shows
that the targeted energy transfer of the NES does not occur
under this condition owing to the small vibration energy of
the panel.

Vibration energy analysis is performed in Figure 7.
Figure 7(a) shows that the energy dissipated by the panel
without an NES is not sufficiently strong to offset the input
energy from the airflow, which creates a difference between
the energy input by airflow and the energy dissipated by the
damping of the panel. This difference increases steadily with
time and eventually reaches a balance (not zero). The panel
finally exhibits a stable LCO. When the NES is attached to
the panel, the vibration energy dissipated by the damping
of the panel and the NES is more than that dissipated by
the damping of the panel without an NES as shown in
Figure 7(c), which can reduce the increasing rate of energy
input by the airflow. As time passes, the increasing rate of
energy input by the airflow becomes zero as shown in
Figure 7(b). That is to say, there is no energy input from
the airflow, and the panel then maintains an equilibrium
position finally.

4.3. Region C. In region C, the nonlinear aeroelastic responses
of the panel are completely suppressed, and the panel
exhibits two types of nonlinear dynamic behaviors: a series
of recurrent motion in Figure 8 at λ = 355 and a stable LCO
with small amplitudes in Figure 9 at λ = 368. Figure 8(b)
shows the time history of the aeroelastic responses of the
panel and the NES at λ = 355. It can be seen that when
the response amplitude of the panel reaches a specific
value, the response amplitude of the NES increases abruptly,
and the response amplitude of the panel then begins to
decrease, which illustrates that the targeted energy transfer
occurs. Here, the targeted energy transfer is achieved by
recurrent transient resonance capture (TRC) [24]. The panel

exhibits a series of recurrent motion finally. Figure 9(b)
shows the time history of the responses of the panel and
the NES at λ = 368. In the initial phase, the NES exhibits
transient resonance capture as the same as Figure 8(b). When
the response tends to be stable, the NES exhibits permanent
resonance capture (PRC) [24], and the aeroelastic responses
of the panel are permanently suppressed in a LCO with small
amplitudes.

Figure 10 shows the time histories of the energy with an
NES at λ = 355 and λ = 368. When the panel exhibits a series
of recurrent motion, the vibration energy of the panel reaches
a specific value, the energy dissipated by the damping of the
panel, and NES increases rapidly, which illustrates that
targeted energy transfer occurs and the NES pumps out
vibration energy from the panel rapidly. Meanwhile, the
aerodynamic load does negative work on the panel, which
reduces the vibration energy of the panel. However, the
energy of the panel has not reduced to zero, and the energy
of the panel then increases owing to the input energy from
the airflow. When the energy of the panel reaches the specific
value, the NES will pump out energy from the panel again.
This is a recurring cycle as shown in Figure 10(a), and the
vibration response of the panel with an NES thus exhibits a
series of recurrent motions, and the vibration amplitudes
are limited to a smaller range. When the panel exhibits a
LCO with small amplitudes, in the initial phase, the NES
pumps out vibration energy from the panel the same as
Figure 10(a); however, as time passes, the input energy from
the airflow is gradually balanced with the dissipated energy
by the damping as shown in Figure 10(b), and the panel
reaches to a stable LCO motion with small amplitudes.

4.4. Region D. In region D, the response of the panel with or
without an NES exhibits a stable LCO as shown in
Figure 11(a) at λ = 370. Although the response amplitude of
the panel with an NES is smaller than that without an NES,
the suppression effect of the NES on panel flutter is not as
good as that in region C. It is hoped that the NES suppresses
the response amplitude of the panel by transient resonance
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Figure 6: Time history at λ = 348: (a) responses of the panel with and without an NES; (b) responses of the NES and panel.
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capture in the initial phase in Figure 11(b); however, the NES
is not sufficiently strong to reduce the response amplitude of
the panel and only slows the increase in the response ampli-
tude of the panel. The energy time history with an NES is
similar to that without NES. The difference between the
energy input by the airflow and energy dissipated by the
damping of the panel and NES increases steadily with time
and eventually reaches a balance (not zero). The panel finally
exhibits a stable LCO. Although the NES cannot suppress the
panel response as effectively as it does in region C, the total
input energy provided by the airflow is reduced substantially,
such as in Figure 12.

5. Effects of NES Parameters

The ability of the NES to suppress panel flutter depends on
the values of its parameters. The dependence is assessed by
determining the amplitudes of the panel response for differ-
ent installation positions �d, masses Mnes, stiffness
coefficients Knes, and damping coefficients Cnes of the NES.
The four baseline parameters of the NES are Mnes = 0:03,
Knes = 80000, Cnes = 0:2, and �d = 0:55. In the study on the
effect of one specific parameter of the NES, the value of this
parameter is changed to examine the aeroelastic response of
the panel while the other three parameters are fixed. The
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results presented in Figure 13 are obtained for λ = 360, and
the response amplitude of the panel without an NES is 0.12.
Figure 13(a) shows that the suppression effect of the NES
on panel flutter differs when the NES is installed at different
positions on the panel. The most effective installation
position of the NES is near, but behind the center of the panel
along the airflow direction, which indicates that the installa-
tion position of the NES depends on the direction of the
airflow. Figure 13(b) shows the effect of the mass on the
flutter response of the panel. It is seen that the responses of
the panel are suppressed effectively when the mass is larger
than 0.02; however, it is not that the higher the mass is, the
better the suppression effect of the NES is. Figure 13(c) shows
that the responses of the panel are not suppressed effectively
when the nonlinear stiffness coefficient of the NES is too

small or too large. And Figure 13(d) shows that the damping
of the NES mainly affects the nonlinear aeroelastic behavior
of the panel in the condition of Mnes = 0:03, Knes = 80000,
and �d = 0:55. Therefore, parameters of the NES must be care-
fully designed when the NES is applied to suppress the panel
flutter response.

A design method for NES parameters is proposed to find
a suitable combination of parameters of the NES. It is first
necessary to determine the expected dynamic pressure.
When the dynamic pressure is lower than this specific value,
the NES can effectively control the aeroelastic response of the
panel. In the present case, the expected dynamic pressure is
set at λ = 370. Next, the installation position of the NES
attached to the panel should be determined. According to
the effect of the installation position discussed above, an
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Figure 8: Time history at λ = 355: (a) responses of the panel with and without an NES; (b) responses of the NES and panel.
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Figure 9: Time history at λ = 368: (a) responses of the panel with and without an NES; (b) responses of the NES and panel.
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installation position behind the center of the panel along the
airflow direction is preferable. In the present case, the NES is
installed on the panel at the position �d = 0:55. Then, for dif-
ferent masses, maximum amplitude diagrams of the steady-
state response of the panel are obtained by combining differ-
ent damping and stiffness parameters, as shown in Figure 14.
Assume that the expected response amplitude at λ = 370 is
Wmax ≤ 0:023, which is 15% of the maximum amplitude of
the panel flutter response without an NES at λ = 370. In
the present case, the masses are designed as 0.01, 0.02, 0.03,
and 0.04, which are generally less than 0.1. When the masses
of the NES are 0.01 and 0.02 in Figures 14(a) and 14(b), the
minimum amplitude values of the steady-state amplitude
responses of the panel are, respectively, 0.11 and 0.057, which
show that the aeroelastic responses of the panel have not been

suppressed effectively. When the masses of the NES is 0.03 in
Figure 14(c), the minimum amplitude value is 0.018, which
meets the design requirements. However, the minimum value
is reached at only one peak, and when the damping and non-
linear stiffness coefficient changes, the amplitude value of the
panel response changes dramatically. This indicates that there
is no robust solution under these conditions. When the mass
ratio of the NES is 0.04 in Figure 14(d), the minimum value
of the steady-state amplitude response of the panel flutter is
0.00053. In addition, there is a flat area where the response
of the panel is suppressed to smaller values.We can effectively
select any set of parameters in this area; thesewill alsomeet the
design requirements and have good robustness. Figure 15 is a
bifurcation diagram with variations of dynamic pressure
obtained in the condition of Mnes = 0:04, Cnes = 0:5, and
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Figure 10: Time history of energy with an NES: (a) λ = 355; (b) λ = 368.
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Figure 11: Time history at λ = 370: (a) responses of the panel with and without an NES; (b) responses of the NES and panel.
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Knes = 100000. The maximum value of the steady-state
amplitude response of the panel flutter is 0.012 at λ = 370.
The figure illustrates the effectiveness of the proposed design
method for NES parameters.

6. Conclusions

The mechanism of panel flutter suppression using an NES
is explored. The following conclusions are drawn from
the study:

(1) Parameters of the NES besides the nonlinear stiffness
coefficient can increase or reduce the stability bound-
aries of the panel, but the effects are small

(2) The effect of the NES on the aeroelastic response of
the panel can be described using a bifurcation dia-
gram with respect to dynamic pressure. The diagram
can be divided into four regions. In region A, the
response of the panel with or without NES converges
to its equilibrium position; however, the NES can
drive the panel to the equilibrium position more rap-
idly. In region B, the response of the panel without
NES exhibits a stable LCO, whereas the response of
the panel with NES converges to its equilibrium posi-
tion. In region C, the responses of the panel with NES
are completely suppressed effectively by resonance
capture of the NES. In region D, the response of the
panel with or without NES exhibits a stable LCO,
and the NES cannot suppress the panel response as
effectively as it does in region C
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Figure 14: Effects of stiffness and damping coefficients for different masses: (a) 0.01, (b) 0.02, (c) 0.03, and (d) 0.04.

0.2

0.1

0

–0.1

–0.2

Without NES
With NES

W

3
3
0

3
4
0

3
5
0

3
6
0

3
7
4
.4

3
8
0

3
9
0

4
0
0

𝜆

Figure 15: Bifurcation diagram in the condition of designed
parameters.

12 International Journal of Aerospace Engineering



(3) The most effective installation position of the NES is
near, but behind the center of the panel along the air-
flow direction, it indicates that the installation position
of the NES depends on the direction of the airflow

(4) A design method for the NES parameters is proposed
to find a suitable combination of NES parameters
that suppress the panel flutter effectively under the
expected dynamic pressure, and both the design
requirements and the robust characteristics should
be considered
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